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ABSTRACT
Primary cell cultures of the major bio transformation organ in two species of aquatic 
invertebrate from different phyla, i.e. principally the digestive gland of the marine mussel 
Mytilus edulis (Mollusca) and also the hepatopancreas of the red swamp crayfish 
Procambarus clarkii (Arthropoda), as well as M. edulis gill, were developed and 
investigated for potential use in toxicological studies. Suspension cultures of M. edulis 
digestive gland cells contained a mixture of smaller cell types (basophilic cells, duct 
epithelial cells, crypt or undifferentiated cells, blood cells and lipid-rich cells) and large 
lysosomal digestive cells. Smaller cell types survived at a viability of over 50% after 2 
weeks in culture whereas the more fragile digestive cells deteriorated rapidly (viability 
below 50% after 2 days). No cell proliferation was observed. Analysis of DNA integrity in 
freshly isolated M. edulis digestive gland cells using the single cell electrophoresis ('comet') 
assay revealed that trypsin caused significant DNA strand breakage, indicating that the use 
of trypsin in tissue dissociation procedures should be avoided. Freshly isolated M. edulis 
digestive gland cells had similar or slightly lower biotransformation enzyme 
(benzo[a]pyrene hydroxylase[BPH], glutathione S-transferase [GST] and NADH-DT 
diaphorase [DTD]) and antioxidant enzyme (superoxide dismutase [SOD], catalase) 
activities than comparable subcellular fractions of whole tissue. A time-course study in M. 
edulis digestive gland cells cultured for 4 days revealed changes in enzyme activities 
possibly indicative of differential cell survival, i.e. biotransformation enzyme (GST, DTD 
and cytochrome P450-dependent BPH) activities decreased more rapidly over time than 
antioxidant enzyme (SOD and catalase) activities. This may be due to the capacity for 
xenobiotic metabolism being primarily located in the large digestive cells compared to 
antioxidant functions being found in all cell types. Exposure of M. edulis digestive gland 
cells to benzo[a]pyrene resulted in elevated protein levels in Western blot analysis using 
anti-fish CYPIA and hsp70 antibodies, but identification of the former was not possible 
due to the low specificity of the CYPIA antibodies employed. In an attempt to apply the
primary cell culture in a novel approach to biomonitoring, a comparison of two field 
populations of M. edulis using radiolabelled digestive gland cells was undertaken using 2-D 
gel electrophoresis. Digestive gland cells from a polluted site showed significant elevations 
of at least 10 newly synthesized proteins of 30-57 kDa molecular weight. Finally, in order 
to compare tissue- and species-specific differences, cell dissociation techniques for M. 
edulis digestive gland cells were applied to M. edulis gill cells and P. clarkii 
hepatopancreas cells and the toxic action of the organophosphate pesticide fenitrothion via 
metabolism to fenitroxon was investigated. Enzyme activities studied were 
acetylcholinesterase (AChE), carboxyl esterase (CbE), BPH and GST in M. edulis cells, 
and AChE, 7-ethoxyresorufin (9-deethylase (EROD) and GST in P. clarkii cells. In all three 
primary cell cultures, the same pattern of enzyme modulation became apparent with 
esterase activities (AChE, CbE) being inhibited, and GST activity slightly elevated upon 
exposure to fenitrothion. M. edulis and P. clarkii cells metabolized fenitrothion to its toxic 
metabolite, fentrooxon, and a second metabolite, 3-methyl-4-nitrophenol was detected in P. 
clarkii cells but not in M. edulis cells. The use of CYP-inhibitors indicated that CYP plays 
a major role in the metabolism of fenitrothion but that different CYP isoforms may be 
involved in M. edulis compared to P. clarkii.. Overall, it was demonstrated that primary 
cell cultures from M. edulis digestive gland and P. clarkii hepatopancreas contain cell 
types, enzyme and metabolic characteristics similar to intact tissues, and that short-term 
studies using these cell cultures can make a significant contribution to understanding xenobiotic 
metabolism and cellular toxicity in sentinel species. This may aid the interpretation of 
ecotoxicological and biomonitoring studies.
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CHAPTER 1.
INTRODUCTION
In vitro systems such as primary cell cultures have many advantages (cost, small-scale 
multiple experiments, standardization, reduction of intraspecific variability and reduction 
of waste) as compared to whole animal experiments (Brady & Gray 1995, Castano & 
Tarazona 1995). Cell cultures from aquatic organisms are being increasingly developed 
and used in toxicity testing, mechanistic studies, and the monitoring of the effects of 
contaminants in the aquatic environment. Whereas a number of fish cell types, 
particularly hepatocytes, have been used for such purposes (Baksi & Frazier 1990, 
Babich & Borenfreund 1991), much less is known of cell systems from aquatic 
invertebrates. Toxic effects of new chemicals on the wide variety of marine biota are 
difficult to predict because of major differences in metabolic pathways and responses of 
prediction/activation enzymes in different animal groups (Livingstone 1991a). These 
phylogenetic differences therefore necessitate the development of cell cultures for all 
major animal groups for comprehensive and reliable toxicity testing and environmental 
management.
This Ph.D. thesis investigates the development and usefulness of primary cell cultures of 
aquatic invertebrates in toxicological research. Chapter 1 describes the biology of the 
organisms investigated, the common mussel Mytilus edulis L. and the red swamp 
crayfish Procambarus clarkii. The physiological function of the tissues which were 
selected for developing the primary cell cultures, i.e. the digestive gland (mussel) and 
hepatopancreas (crayfish), are discussed, with emphasis given to the mussel digestive 
gland. These tissues were selected because they are the major organs of foreign 
compound (xenobiotic) metabolism (biotransformation) in the two species (Livingstone 
1991a). A short overview of toxicological pathways and mechanisms in marine 
organisms is followed by a review of the development of marine invertebrate cell cultures 
during the last 40 years and how, in recent years, the potential of these cell cultures were
1
appreciated and investigated for in vitro studies of environmental pollution. Finally, the 
aims of the thesis are described.
1.1 The common mussel Mytilus edulis
1.1.1 Ecology, habitat and commercial value
The marine bivalve M. edulis, and related species (e.g. M. galloprovincialis, M. 
trossulus) are one of the most ubiquitous molluscs in the world. They are found 
throughout the Northern hemisphere where they live attached to rocks in the tidal zone. 
The easiness of sampling and widespread distribution of this sessile organism, and its 
tolerance to pollution and other environmental stresses, have made this species a popular 
object in physiological and ecotoxicological studies. The shell of mussels is usually of a 
brown, black or blueish colour, and its size, form and thickness can vary greatly 
according to the degree of exposure to wavecrash. The two valves of the shell are closed 
together by the adductor muscles which, when relaxed, open the valves. Byssal threads, 
secreted by byssal glands in the muscular foot, attach individuals to rocks and to each 
other, thereby forming extensive mussel beds. Mussels, although attached to the rock, are 
highly mobile and are known to detach their threads and move around by stretching the 
muscular foot forward, attaching the tip of the foot to the rock and pulling the mussel 
onward (Bayne 1976). The muscular foot is also used to probe around and, possibly, to 
establish contact with neighbouring mussels. Mussels feed mainly on algae which are 
filtered out of the water by the gills; an adult mussel can filter several litres of water per 
day when submerged constantly. Mussels reproduce rapidly, sometimes spawning three 
times per year, and one single female can produce 5-12 million eggs each time 
(Steinebach 1985). Larvae develop into a free swimming stage within 24-48 hours after 
hatching and settle once they have started to grow a shell. Younger mussels are usually 
found further upshore where competition from adult mussels is reduced. Largest mussels 
are found on rocks exposed only during spring low tides where feeding can take place for 
longer periods. Mussels are very tolerant to environmental stress such as pollution and
exposure to air; they may survive for months without food and, if kept at cool 
temperatures, may survive for several weeks out of water. Mytilus species are of great 
commercial importance, with more than 100,000 tons consumed per year in Europe alone 
(Steinebach 1985). The majority of this demand is met by harvesting farmed animals. 
Their rapid reproduction and growth rate, and their ability to live at high population 
densities make Mytilus sp. an ideal aquaculture species (Hickman 1992).
1.1 .2  Function and morphology of the digestive gland
The digestive gland is part of a complex digestive system where food particles are 
digested, and lipids and carbohydrates are stored (Bayne 1976). In healthy, well-fed 
animals the gland is of a dark brown colour and of firm texture. It is situated behind the 
labial palps and the muscular foot, and held in place by threads of connective tissue. Food 
enters the stomach via the esophagus and is sorted into large and small particles by the 
rotation of the crystalline style, a hyaline rod of mucoprotein which extends the length of 
the stomach. Large particles, indigestible material and other waste products are eliminated 
through the midgut which is conjoined with the style sac (stomach type III) (Purchon 
1987). Small suspended particles are transported through the primary and secondary 
ducts of the digestive gland (also called digestive diverticula) and finally into the blind- 
ending digestive tubules where food is absorbed and intracellularly digested by the 
digestive cells. The digestive gland shows seasonal variations in size and biochemical 
composition, depending on food availability and reproductive state (Thompson 1974).
1.1.3 Cell type composition of the digestive gland
The digestive tubules of the digestive gland are lined with an epithelium containing at least 
3 types of cells. Two of these cell types are distinguishable in the light microscope and 
were the first ones to be described (Yonge 1926). The digestive cells are the most 
conspicuous cell type, and can take up most of the volume of the epithelium. They are 
elongated, vacuolated cells with microvilli at their apical end and extend from the basal 
lamina to the lumen of the tubule. Basophilic cells, recently also called secretory cells
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(Henry 1991), are pyramidal in shape, contain less vacuoles but have an extensive Golgi 
apparatus and granular endoplasmic reticulum. In earlier studies, the basophilic cells were 
believed to be the precursor of the digestive cells, but Owen (1970) described the 
existence of a third cell which may function as a precursor cell. This “crypt cell” is 
described as forming clusters or crypts of undifferentiated cells interspersed with 
basophilic cells and as being slender, flagellated with a poorly developed Golgi apparatus 
and lysosomes (Henry 1991). Whereas digestive cells are known to play the principal 
role in intracellular digestion of food particles, the role of basophilic cells remains 
unclear. Some authors believe them to be mature secretory cells due to the well developed 
Golgi apparatus, whereas others see them as transitory phases in the formation of 
digestive cells (Morton 1983).
Cell types present in other parts of the digestive system are not as well described as the 
ones found in the digestive gland and will not be reviewed extensively here. These cell 
types comprise cells forming the layers of the crystalline style sac (termed A, B, C and D 
cells), duct epithelial cells and midgut cells (Morton 1983). In the style sac, A cells are 
ciliated and line most of the sac epithelium helping to rotate the style during digestion. B 
cells are believed to secrete the enzymes produced by the style, and C cells have shorter, 
stiff cilia and help to transport style matrix produced by the secretory D cells. Other 
secretory cells are found in the midgut. Haemocytes are found circulating in digestive 
ducts and tubules (R.K. Pipe, pers. comm.).
1.1.4 Function and digestive cycles of the digestive cell
The digestive cells contains a highly developed lysosomal-vacuolar system (Morton 
1983). Food particles are engulfed through endocytosis and are degraded by enzymes 
stored in the lysosomes. Other organelles which form part of the vacuolar system are 
pinosomes, residual bodies, heterophagosomes, primary lysosomes and heterolysomes 
(secondary lysosomes) which form when primary lysosomes fuse. Besides their role in 
digestion of food particles, digestive enzymes may also play a role in catabolism of
intracellular proteins, thus increasing the amino acid concentration in cells in order to 
counterbalance osmotic changes in the environment (Pipe & Moore 1985). Depending on 
food availability, the cells of the digestive gland undergo cytological changes. In intertidal 
animals such s l s  Mytilus sp. these changes necessarily depend on the tidal rhythm, 
because animals are not able to feed during low tide. During tidal submersion and 
emersion, the digestive tubules go through a digestive cycle which has been subdivided 
into different phases (Langton 1975): a holding or normal phase; an absorptive phase 
during food intake; a disintegration phase when the lumen of the digestive tubules fill up 
with fragmentation spherules and a reconstitution phase when the epithelial layer of the 
tubules is recovering in preparation for the next food influx. These phases are 
characterized by cytological changes in the digestive cells which increase in height as food 
particles are taken up into the cell (absorptive phase) and a decrease in cell height when 
fragmentation spherules are discharged into the lumen (disintegrating phase). During the 
reorganization or reconstitution phase of some bivalves, the exhausted digestive cells are 
believed to be replaced by crypt cells (Langton 1975, Morton 1983, Henry 1991). 
Breakdown of digestive cells and decrease in digestive epithelium volume is also 
observed when mussels are exposed to environmental stress (see next section).
1,1.5 The digestive cell as a biomarker of environmental pollution
Digestive cells and their lysosomal-vacuolar system have been found to be a very 
sensitive indicator of environmental stress. Exposure to pollutants, increased salinity or 
starvation causes breakdown of the epithelium of digestive tubules. Upon exposure to oil 
in vivo, the digestive epithelium of M. edulis was found to be reduced in size and the 
lumen filled with debris discharged from the epithelium (Lowe et al. 1981). Studies on 
the distribution of digestive enzymes revealed that in M. edulis exposed to phenanthrene, 
hydrolases may play a role in the breakdown of digestive cells (Pipe & Moore 1986). 
Other responses to pollutants are an enlargement of lysosomes and an intracellular 
increase of lipids (Lowe & Clarke 1989). The membranes of lysosomes were also found 
to be susceptible to pollutants and were studied for their functionality. The neutral red
retention assay involves uptake of the dye into the lysosomes and measures how long it is 
retained within the membrane. Lysosomes with a damaged membrane will release the dye 
into the cytoplasm more quickly than undamaged lysosomes. In M. edulis exposed in 
vivo to fluoranthene, the retention time of neutral red in lysosomes of isolated digestive 
cells was significantly reduced as compared to control mussels (Lowe & Pipe 1994, 
Lowe et al. 1995).
1.2  The red swamp crayfish Procamharus clarkii
1.2.1 Ecology, habitat and commercial value
Crayfishes, relatives of the marine lobsters, are freshwater decapod crustaceans 
inhabiting streams, lakes and swamps throughout the world. Crayfishes from the 
Northern hemisphere belong to the superfamily Astacoidea and are different from 
parastacid crayfishes from the Southern hemisphere. The Noble crayfish astacus
{= A. fluviatilis) was the most common European crayfish 100 years ago until a fungal 
disease, crayfish plague (phycomycetes), caused the population to crash (Remane et at. 
1986). The red swamp crayfish P. clarkii is a native of America where it is extensively 
farmed. The natural habitat of P. clarkii are brackish water environments but it can also 
adapt to living in streams and lakes. It has been imported into many countries including 
Europe and the U.K. for commercial aquaculture but naturalised populations originating 
from escaped animals can cause considerable damage to rice crops. Interest exists in P. 
clarkii and other fanned crayfish as an indicator species in environmental studies because 
they live in areas (rice crops, irrigation channels) with intensive use of pesticides and the 
accumulation of xenobiotics into the tissues may cause a potential threat to human health 
(Jewell & Winston 1989).
1.2.2 Function and morphology of the hepatopancreas
The term hepatopancreas describes the crustacean digestive gland, or midgut gland, 
which is similar in function to both a liver and pancreas, and has a multiple role in 
enzyme secretion, absorption of digested food and excretion of waste material (Gibson & 
Barker 1979, Dali & Moriarty 1983). The hepatopancreas is responsible for all of the free 
digestive enzymes of the gut and for about 85% of the assimilation. The decapod 
hepatopancreas fills up most of the interior of the céphalothorax and is made up of paired 
lobes which subdivide into a large number of blind-ending, fragile digestive tubules 
which are supported by a thin layer of connective tissue. The tubules are lined with a 
single layer of epithelial cells which have various resorptive and digestive functions 
(Paulus & Laufer 1987).
1.2.3 Cell types in the hepatopancreas
The epithelium of the crustacean digestive tubules is made up of four cell types. The 
apical end of each tubule consists of a cluster of small embryonic or E-cells which give 
rise to two cell types, the nutrient-storing resorptive (R-) cells and the secretory fibrillar 
(F-) cells. Fibrillar cells eventually differentiate into large blister (B-) cells which contain 
a single, large vacuole believed to contain digestive enzymes (Dali & Moriarty 1983, Icely 
& Nott 1992). R-cells are the most numerous cell type in the hepatopancreas (Icely & 
Nott 1992) and, besides their resorptive role, R-cells are also believed to have a function 
in the storage and metabolism of lipids and glycogen (Loizzi 1971). F-cells are thought to 
synthesize digestive enzymes which accumulate in vacuoles; these vacuoles gradually 
enlarge and fuse to give rise to a single, large vacuole during transformation to B-cells. 
R- and F-cells have also been shown to have a role in, respectively, uptake and 
metabolism of xenobiotics (Lee 1989).
1 .2 .4  Digestive cycles of the hepatopancreas cells
The hepatopancreas and associated cell types undergo periodic cytological and 
physiological changes depending on the feeding regime of the animal. The moult cycle 
also affects cell composition but details will not be discussed here; readers are referred to 
the article by Al-Mohanna & Nott (1989). Studies on the digestive cycles in the decapod 
shrimp Penaeus semisulcatus showed that all cell types in the decapod hepatopancreas, 
i.e. E-, F-, R- and B-cells, undergo cyclical changes (Al-Mohanna & Nott 1986, Al- 
Mohanna & Nott 1987). E-cells are inactive during the feeding cycle but appear to 
undergo intense mitosis 24 h after feeding, presumably to replenish exhausted cells after 
the previous digestive cycle. The mitotic activity coincides with the extrusion of the large 
B-cells from the epithelium and their appearance in the lumen. F-cells synthesize and 
secrete zymogen granules (secretory vesicles produced by the rough endoplasmic 
reticulum and thought to contain digestive enzymes) for the first 1-2 hours after feeding 
after which the presence of these granules declines and the cells show no further signs of 
protein synthesis. Later in the digestive cycle, F cells develop a supranuclear vacuole 
(which some authors believe to contain digestive enzymes) and are transformed into B- 
cells (Al-Mohanna et al. 1985).
1.3  Xenobiotic metabolism in marine invertebrates
1.3.1 General overview of xenobiotic metabolism
In order to adapt to and to interact successfully with their environment, most living 
organisms had to evolve biochemical pathways which enable them to recognize and 
eliminate potentially toxic and harmful xenobiotics (compounds foreign to a given 
organism). Xenobiotics may enter a body through several routes, including by intake of 
food (gut), air (lungs) and by contact (skin). But whatever the route of entry, membranes 
are initially encountered. The majority of xenobiotics are lipophilic, thus enabling them to 
be transported by lipoproteins and to pass through lipid membranes and body fluids
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(Hodgson & Guthrie 1980). A wide range of relatively non-specific enzyme systems can 
catalyse reactions with the vast array of xenobiotics, thereby converting them into more 
polar products, and rendering them more water-soluble and excretable. These 
biotransformation enzymes are usually divided into two classes, the phase I and phase II 
metabolism enzymes (Gibson & Skett 1986). Phase I (functionalization) enzymes 
introduce a functional group into the substrate with the result that the xenobiotic is either 
made more water-soluble and excreted, or made a more suitable substrate for phase II 
reactions. Phase II (conjugation) enzymes catalyse the conjugation of the xenobiotic with 
an endogenous polar substrate to produce an excretable product. Although the nature of 
the phase I and II reactions is generally meant to be a detoxication mechanism, sometimes 
the intermediate metabolites or the final product are more toxic than the parent molecule 
(i.e. activation), thus having a detrimental effect on the organism. Biotransformation 
enzymes are found in all organisms including plants, bacteria, fungi, invertebrates and 
vertebrates (Livingstone 1991a). The main sites for xenobiotic metabolism in vertebrates 
is the cytosol and endoplasmic reticulum of the liver cell, but it can also take place in other 
tissues. Most biotransformation enzymes are also involved in the metabolism of 
endogenous compounds such as hormones, vitamins and fatty acids (Gibson & Skett 
1986).
Because the level of some biotransformation enzymes can be modulated by the presence 
of xenobiotics, they are important in predictive studies on pollutant and drug metabolism. 
One of the most prominent enzyme systems is the phase I mixed-function oxygenase 
(MFC) enzyme complex which is made up of several membrane-bound interacting 
enzymes, mainly the hemoprotein cytochrome P450 (CYP) and the associated 
flavoprotein cytochrome P450 reductase. CYP is reduced by cytochrome P450 reductase 
by electron transport from NADPH, and then acts as an oxygen and substrate-binding 
locus for the MFC reaction (Gibson & Skett 1986). Whereas there is only one 
cytochrome P450 reductase, CYP exists as a number of isoenzymes with different 
substrate affinities and induction characteristics (Nelson et al. 1996). CYP forms appear 
to become more diverse and numerous in higher taxonomic groups e.g. mammals;
however, some unique forms have been found in invertebrates, e.g. CYP 10 in the 
freshwater snail Lymnaea stagnalis (Teunissen et al. 1992). Certain forms of CYP are 
readily induced by exposure to certain contaminant organic chemicals e.g. CYPIA is used 
as a biomarker for environmental pollution in vertebrates, particularly fish, and such an 
equivalent CYP form may show potential for marine invertebrates (Livingstone 1991b, 
1996, Livingstone & Goldfarb 1998). CYPlAl is the main catalyst for the metabolism of 
the ubiquitous polycyclic aromatic hydrocarbon (PAH) benzo[a]pyrene (BaP) to 
carcinogenic metabolites (Stegeman & Hahn 1994).
Further examples of phase I enzymes involved in oxidation of substrates are the 
microsomal flavin-containing monooxygenases (FMO; EC 1.14.13.8), which are 
involved in oxidations of aromatic amines, and alcohol dehydrogenase (EC 1.1.1.1) 
which converts ethanol into its aldehyde. Epoxide hydratase (EC 4.2.1.64) hydrates 
epoxides to form dihydrodiol metabolites which are subsequently metabolized by the 
MFO system to potentially mutagenic and carcinogenic products (Livingstone 1991a). 
DT-diaphorase (DTD; quinone oxidoreductase, EC 1.6.99.2) is a flavoprotein reductase 
which can utilize either NADPH or NADH as a source of reducing equivalents. It has a 
double function as a biotransformation and an antioxidant enzyme, catalysing the 2- 
electron reduction of quinones to hydroquinones, so both making them more susceptible 
to conjugation (biotransformation) and preventing the redox cycling of quinones and 
resultant reactive oxygen species (ROS) production (antioxidant function) (Livingstone & 
Pipe 1992).
Phase II reactions involve conjugation enzymes such as the cytosolic glutathione-S- 
transferase (GST; EC 2.5.1.18). This enzyme transfers glutathione to substrates such as 
epoxides and haloalkanes; the conjugates may be further metabolized to mercapturic acids 
and eliminated via biliary excretion in vertebrates (Hodgson & Guthrie 1980). UDP- 
glucuronyl-transferase (EC 2.4.1.17) and UDP-glucosyl-transferase have phenols and 
alcohols as substrates which are metabolized to form the respective glucuronide or 
glucoside. Glucuronic acid and glutathione conjugates are usually excreted but reaction
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with enzymes produced by gut bacteria in vertebrates may cause the product to be 
reabsorbed through the gut wall and be further metabolized in the liver, before finally 
being excreted (phase m  metabolism) (Gibson & Skett 1986).
Enzymes which do not metabolize xenobiotics but play nonetheless an important role in 
preventing toxicity of compounds, are antioxidant enzymes. They are scavengers of ROS 
which are generated as a by-product of an organism’s normal metabolism (Livingstone 
1991a). ROS such as hydrogen peroxide (H2 O2 ), superoxide anion radical (O2 ) and 
! hydroxyl radical ( OH) may also be generated during phase I metabolism, e.g. redox- 
cycling of quinones by cytochrome P450 reductase may produce a reactive semiquinone 
radical which in turn produces O2 from oxygen at the expense of NADPH (Gibson & 
Skett 1986). Superoxide anion radicals can be converted into oxygen and H2 O2 by the 
cytosolic enzyme superoxide dismutase (EC 1.15.1.1). The iron-depending peroxisomal 
catalase (EC 1.11.1.6) splits H2 O 2 into water and oxygen, whereas glutathione 
peroxidase (EC 1.11.1.9) catalyses the oxidation of glutathione by H2O2 . Although most 
antioxidant enzymes are inducible, if the presence of ROS exceeds the antioxidant 
capacity, detrimental effects still occur by ROS reacting with organic molecules. This may 
cause enzyme and membrane damage through lipid peroxidation, and mutagenicity by 
ROS reacting with DNA (Livingstone 1991a, Livingstone et a l 1994).
1.3.2 Organic xenobiotic metabolism in M. edulis and other Mytilus 
sp .
Sessile organisms such as bivalve molluscs have become important study objects in 
environmental toxicology (Pritchard 1993). The reasons for this are their economical 
importance (human consumption), the easiness with which they can be collected, and 
their remarkable tolerance to high concentrations of pollutants. The activities and 
inducibility of the MFO system and other biotransfonnation enzymes are generally much 
lower in marine invertebrates compared to vertebrates (Livingstone 1991a, Livingstone & 
Pipe 1992). This also means that invertebrates such as bivalves have a lower detoxication
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and elimination rate and therefore accumulate many organic xenobiotics in their tissues; 
this can lead to a thousand-fold biological magnification of the tissue burden of these 
pollutants to levels which are acutely toxic to other organisms such as humans (Butler 
1966). Most work on molluscan xenobiotic metabolism has focused on MFO due to its 
potential as an environmental biomarker (see reviews by Livingstone 1991a, 1991b, 
1994, 1996, Livingstone et al. 1997, Livingstone & Goldfarb 1998). The digestive 
tissues are usually the main site of organic xenobiotic metabolism, though MFO activity 
has also been found in gill and blood (Livingstone 1991a). In M. edulis, several CYP 
families exist with possible sequence similarities to various CYP subfamilies (i.e. 
vertebrate genetic probes were used in Northern and Southern analyses) and are indicated 
to be related to CYPIA, CYP3A, CYP4A and C Y PllA  (Wooton et al. 1995). In the 
(freshwater) snail Lymnaea, a unique variant, CYP 10, has been identified (Teunissen et 
al. 1992). Measurement of the inducible CYPlA-like form, a common biomarker for 
pollution in fish (Livingstone et al. 1994), is not consistent in molluscs. 7- 
Ethoxyresorufin O-deethylase (EROD) activity which, in vertebrates, is CYPIA- 
catalyzed, has only been detected in four species of Mediterranean molluscs (Yawetz et al. 
1992). Instead of EROD, benzo[a]pyrene hydroxylase (BPH) activity (catalyzed by 
mainly CYPIA but also other isoforms in vertebrates) is usually measured in M. edulis, 
but other MFO activities also exist (Livingstone 1991a). However, both EROD and BPH 
activity do not always show good correlations with total cytochrome P450 content or 
CYPlA-immunopositive protein (Yawetz et al. 1992, Sole etal. 1998, also see chapter 
5). Interestingly, cytochrome P450 reductase activity in the molluscs M . 
galloprovincialis, T. decussata and T. haemastoma was found to be inhibited by 
tributyltin, a widespread aquatic pollutant, but no effect was seen on fish reductase 
activity, although fish EROD activity was also reduced (Morcillo & Porte 1997). The 
interactive effects of environmental pollutants on the MFO system need to be further 
elucidated before CYP and other biotransformation enzyme activities can be used as 
reliable biomarkers. A range of phase II biotransformation enzymes are present in 
molluscs, the most widely distributed being GST. Several isoforms of GST have recently 
been partially purified from M. edulis digestive gland (Fitzpatrick & Sheehan 1993).
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Several antioxidant enzymes have been detected in M. edulis, including SOD, catalase 
(Livingstone et al. 1992), DTD (Livingstone et al. 1989b, Livingstone et al. 1990) and 
glutathione peroxidase (Goldfarb etal. 1989, Gamble er al. 1995). Activities were highest 
in digestive gland and gills, and were elevated slightly in digestive gland by exposure to 
B[a]P and menadione (Livingstone et al. 1990) and M. edulis from polluted sites on the 
Spanish coast (Porte et al. 1991).
1.3.3 Organic xenobiotic metabolism in P. clarkii
P. clarkii, like M. edulis, has become a popular study object in aquatic toxicology due to 
its economical importance and the implications for human health (Blat et al. 1988). As for 
the previous section, an extensive review on crustacean organic xenobiotic metabolism 
exists (Livingstone 1991a). Crustaceans have generally somewhat higher MFO activities 
than molluscs, but lower ones than fish (James 1989). The hepatopancreas is the major 
site for the uptake and metabolism of lipophilic xenobiotics, but studies on the 
microsomal MFO activities have often reported very low levels, possibly due to 
proteolytic cleavage of the CYP and/or associated reductase by digestive enzymes present 
in the hepatopancreas (James 1989). It was initially thought that inducibility of the MFO 
system was in crustaceans too poor to allow for the use of CYP as an environmental 
biomarker (James 1989), but recent studies have shown that elevation can be seen. In 
vivo exposure of the crayfish Pacifastacus leniusculus to 2,3,7,8-tetrachloro-dibenzo-p- 
dioxin (TCDD) increased CYP content by up to 200% (Ashley et al. 1996). Highest MFO 
activities in crustaceans are those associated with the CYP2 family, and the first cloned 
crustacean CYP (from Florida spiny lobster Panulirus argus) was a novel member, 
CYP2L (James et al. 1996). GST activity in P. clarkii has been mainly found in 
hepatopancreas and green gland cytosolic fractions and two isoforms were purified from 
each tissue (Jewell et al. 1989). GST can be induced by exposure to xenobiotics, i.e. 
Aroclor 1254 and phénobarbital injections increased hepatopancreas GST activity in the 
crayfish A. astacus (Lindstrom-Seppa & Hanninen 1986). GST induction and reduced 
glutathione (GSH) content were also used as a marker in P. clarkii exposed to
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organophosphate (fenitrothion) and organochlorine (endosulfan) pesticides (Blat et al. 
1988).
1.4  Toxicology and the use of cell cultures
1.4.1 General aspects on animal cell cultures in toxicology
The development and use of animal cell cultures has increased greatly in the last two 
decades and forms nowadays an important part in studies on environmental pollutant 
toxicity and drug development (Castano & Tarazona 1995). Although cell cultures can not 
always replace whole animal experiments, their application has succeeded in reducing the 
number of animals used. Cell cultures have several advantages such as the large number 
of samples obtained for toxicity screening, the reproducibility of tests, the small scale of 
experimental set-ups, reduced costs, and the reduction in toxic wastes. Depending on the 
type of study, two different approaches of cell cultures are used. Primary cell cultures are 
initiated with cells derived directly from the animal and are kept for a limited period of 
time, usually a few weeks. The cells may be differentiated and may not be capable of 
dividing and growing in culture. Their metabolism and biochemistry generally reflect a 
situation in vivo, but only for a limited time, after which fresh cells have to be isolated. In 
contrast, cell lines or immortalized cells are, theoretically, capable of indefinite growth; 
however, cells in long-term cultures often show metabolic and functional changes and 
may not reflect the situation in the whole animal. A common problem in both cell lines 
and primary cultures is the loss of activity of biotransformation enzymes such as CYP in 
hepatocytes, even after short-term culture (Bader et al. 1994, Freshney 1994, Koebe et 
al. 1994). Efforts are being made to improve the biochemical functionality of cell lines 
and recent publications have noted that CYP levels comparable to those in vivo have been 
maintained for 6 days in primary rat hepatocytes (Brady & Gray 1995).
Whereas mammalian cell cultures and cell lines are predominantly used in drug 
development and research, cell cultures from aquatic organisms are now increasingly
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used in both environmental toxicology and biomedical research (Hightower & Renfro 
1988, George 1996). The rainbow trout {Oncorhynchus mykiss) cell line RTG-2 is one 
of the most widely used fish cell line for cytotoxicity testing of environmental pollutants 
(Martin-Alguacil et al. 1991, Castano et al. 1994). Rainbow trout hepatocytes have been 
cultured as aggregates and, after an initial decrease, the level of CYP remained constant 
for one month (Flouriot et al. 1995). However, most cultured fish cells, as with 
mammalian cells, loose CYP catalytic activity and can therefore only detect direct-acting 
toxins (e.g. B[a]P is not toxic to these cells)(Babich & Borenfreund 1991). Fish cells 
show similar responses to certain xenobiotics as mammalian systems but fish cells are 
eurythermie (tolerant to a wide temperature range) which enables the study of temperature 
effect of pollutants. Media developed for mammalian cells can also be used for fish cells; 
however, this facility masks the need to study more specifically the conditions and factors 
which may control the proliferation and differentiation of fish cells (Bols & Lee 1991).
1.4.2 Overview of marine invertebrate cell cultures
Cell cultures of marine invertebrates have not been as extensively and intensively 
developed as mammalian or fish cell cultures, presumably because of a lack in knowledge 
and commercial interest in cells which do not seem to have an immediate application in 
drug research. However, interest is growing to apply alternative cell systems such as 
invertebrate cell cultures in areas as diverse as medicine, biology, biotechnology, agri- 
and aquaculture (Kurstak & Maramorosch 1976, Mitsuhashi 1989). Applications include 
research on shrimp and shellfish viral diseases and pathogens (Tapay et al. 1995), 
immune defense mechanisms (Smith & Ratcliffe 1978), glycogen metabolism during 
gametogenesis (Peek & Gabbott 1989), genotoxicity (Burgeot et al. 1995), ecdysteroid 
secretion (Mattson & Spaziani 1985) and studies on the nervous system (Kaczmarek et al. 
1979, Jackel et al. 1994).
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1 .4 .2 .1  Existing invertebrate cell lines
The first ever invertebrate cell line to be reported was an insect cell line from the 
Australian wild silkmoth, Antheraea eucalypti (GmcQ 1962). Nowadays, over 200 insect 
cell lines exist (Mitsuhashi 1989). In contrast, the development of cell lines from 
invertebrates other than insects has been fairly unsuccessful. By 1989, only one non­
insect cell line had been initiated, from the pulmonate snail Biomphalaria glabrata (Hansen 
1975,1976). However, in recent years different cell lines from marine invertebrates have 
been developed (Table 1.1). An Israeli research group has successfully grown several cell 
lines derived from colonial cnidarians and tunicates (Frank et al. 1994, Rinkevich & 
Rabinowitz 1994). A crustacean cell line was established by transforming a primary cell 
culture from the lymphoid organ of the marine shrimp Penaeus stylirostris with a tumor 
antigen gene from Simian virus-40 (Tapay et al. 1995). In 1996, Kleinschuster et al. 
reported a marine molluscan cell line initiated from heart explant cultures of M. arenaria. 
However, cells have so far only been passaged once and have already shown a reduced 
mitotic rate indicating that these cells do not yet form a true, established cell line. 
Molluscan cell lines had previously been reported, from cells obtained from surf clam, 
Spisula solidissima, cardiac tissue (Cecil 1969). Cells were fibroblast-like, showed 
mitotic activity (cultures were maintained for 8 months or more) and they were grown 
into their fifth generation passage (Cecil et al. 1976). Ellis & Bishop (1989) reported a 
cell line from oyster, Crassostrea virginica, and clam, Mercenaria mercenaria, larvae. 
Again, cells were found to have only limited growth potential with a maximum life span 
of 8 months, hence the cell culture was not a true cell line. Growth rates of marine 
invertebrate cell cultures appear to be much slower than that of mammalian or fish cell 
lines, with doubling times ranging from 20-24 days for oyster and clam larval cells (Ellis 
& Bishop 1989) to 40-50 days forM. arenaria leucemic cells (Walker etal. 1996). This 
may be an intrinsic feature of marine invertebrate cells or it may indicate that the culture 
media employed require further optimization.
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Table 1.1. Cell lines from invertebrates other than insects.
Species Name of cell line Tissue Reference
B. glabrata 
(pulmonate snail)
Bge embryo Hansen 1975, 1976
B. schlosseri 
(colonial tunicate)
NIO-BSE-1 to -3 embryo Rinkevich & 
Rabinowitz 1994
S. pistillata, C. 
rubrinoides, 
Plexaura  sp., M. 
dichotoma 
(colonial 
cnidarians)
NIO-SPP-1 (from
S. pistillata) 
NIO-CR-1 (from C.
rubrinoides) 
NIO-MD-1 (from 
M. dichotoma) 
NIO-PC (from 
Plexaura sp.)
colony fragments 
or planula larvae
Frank era/. 1994
f .
(marine shrimp)
OKTr-1, OKTr-23 lymphoid organ Tapay et a l  1995
M  arg/zaria (marine 
clam)
only one passage so
far
heart Kleinschuster et a l 
1996
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1 .4 .2 .2  Primary cell cultures o f  marine invertebrates
Tables 1.2 to 1.8 give an overview of primary cell cultures from a range of marine 
invertebrate taxa (sponges, cnidarians, molluscs, cephalopods, crustaceans and 
echinoderms). Tunicata (protochordates) have also been included. Studies where cells 
were simply isolated but not maintained for any length of time, were included, if the 
methodology (i.e. cell dissociation, cell separation methods) was found relevant.
1 .4 .2 .2 .1  Sponges (Porifera)
Sponges are sessile organisms and the simplest multicellular animal group; in contrast to 
other eukaryotic organisms, sponges do not have specialized organs. Their body is a 
tubular structure surrounded by a wall made up of three layers (ectoderm, mesoderm and 
endoderm) (Remane et al. 1986). Interest in sponges has recently increased due to the 
large number of novel biometabolites these animals produce (Leys 1997). The 
development of a viable cell culture is therefore seen as an alternative to animal collections 
for the production of potential therapeutic compounds (Pomponi etal. 1991). Sponge cell 
cultures (Table 1.2) have been used in cell adhesion and histocompatability studies 
(Gaino 1993, Pfeiffer et al. 1993, Leys 1997) and a recent paper found evidence of a 
multixenobiotic resistance mechanism in the marine sponge Suberites domuncula (Müller 
et al. 1996). Whole sponge fragments are usually used for dissociation purposes but 
difficulties are often encountered because of the tendency of isolated cells to reaggregate 
quickly and the heterogeneous nature of the tissue (Pomponi et al. 1991).
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Table 1.2. Sponge cell cultures. Clathrina cerebrum  (calcareous sponge), Geodia 
cydonium  (sponge), Rhabdocalyptus dawsoni  (hexactinellid sponge), Suberites
Species Tissue or cell 
type
Duration of 
culture
Parameters References
C cerebrum sponge cells few hours response to 
attachment factors
Gaino et a l 
1993
G. cydonium sponge cells 6 hours ubiquitin pathway Pfeiffer et al 
1993
R. dawsoni whole sponge 
tissue
6-9 hours culture conditions, 
cell attachment
Leys 1997
S. domuncula whole sponge 
tissue
few hours multixenobiotic
resistance
Müller et a l 
1996
19
1 .4 ,2 .2 .2  Cnidarians (Cnidaria)
Cnidarians, like sponges, belong to the lowest metazoan group possessing an organized 
body structure. Their body plan consists of only two cell layers (ectoderm and 
endoderm), which enclose an acellular inner matrix, the mesoglea. Cnidarians are 
characterized by the presence of stinging cells (cnidocytes) in the ectodermal layer 
(Remane et al. 1986). Primary cell cultures of several cnidarian species have been 
initiated (Table 1.3) including 4 different cell lines (Table 1.1), with the most 
comprehensive work carried out by Frank et al (1994). In this study, a mixture of cell 
types were obtained by mechanical, chemical or spontaneous dissociation of colony 
fragments or planula larvae. Attachment, cell proliferation and differentiation of spindle­
like cells and other cell types (i.e. zooxanthellae, a symbiotic dinoflagellate algae) was 
observed and appeared to depend on the concentration of media used. Best results were 
obtained by using 10% Leibovitz L-15, a commercially available culture media, 
containing various supplements (see Table 1.9 for further information). Contamination of 
cultures was reduced if diluted media were used.
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Table 1.3. Cnidarian cell cultures. Dendronephthya hemprichi (anthozoan), Favia favus 
(anthozoan), Heteroxenia fuscescence  (anthozoan), Leptogorgia virgidata (gorgonian), 
Nephthya  sp. (anthozoan), Parerythropodium fulvum fulvum  (anthozoan), Polyorchis 
penicillatus  (hydrozoan jellyfish). Parités lutea (anthozoan). Cell growth not reported 
unless stated.
Species Tissue or cell 
type
Duration of 
culture
Parameters References
L  virgulata scleroblasts - culture conditions Kingsley gr a/. 
1987
P. penicillatus neurones 2 weeks electrophysiology Przysiezniak & 
Spencer 1989
P. lutea, F.favus, 
P. f  fulvum, D. 
hemprichi, 
Nephthya  sp. H.
colony
fragments and
larvae
one to 
several
months
culture conditions, 
cell growth 
observed
Frank et al. 
1994
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1 .4 .2 .2 .3  Molluscs (Mollusca)
In 1964, one of the earliest publications on molluscan cell cultures remarked on the fact 
that “probably no true molluscan tissue cultures have been established, if one considers a 
tissue culture to be an in vitro system where cells undergo mitosis and from which sub­
cultures may be formed” (Perkins & Menzel 1964). 34 years later, this remark is still 
valid. A wider range of primary cell cultures from molluscs exists now (Table 1.4), 
mainly from economically important bivalves such as oysters, clams and mussels. But in 
the majority of studies, cell growth was not observed and/or cultures were only 
maintained for a limited time. Where cell proliferation was observed, subcultures could 
only be obtained for a limited time due to a reduced mitotic index of cells in prolonged 
culture (Cecil 1969, Ellis & Bishop 1989, Naganuma et al. 1994). Despite the limited 
growth potential of molluscan cells, primary cell cultures have been used successfully in a 
wide range of studies. Applications of molluscan cell cultures (Table 1.4 - 1.5) include 
research on studies on the nervous system of the sea hare Aplysia sp. and other molluscs 
(Kaczmarek et al. 1979, Dagan & Levitan 1981, Schacher & Proshansky 1983, Wong et 
al. 1983), genetic transformation of oyster Crassostrea gigas heart cells (Boulo et al. 
1996), immune defense mechanisms in M. edulis larval and blood cells (Hansen et al. 
1991, Dyrynda et al. 1995, 1997), cellular biochemistry of M. edulis mantle 
adipogranular cells (Peek & Gabbott 1989, Peek et al. 1989, Peek & Gabbott 1990, 
Gabbot & Peek 1991), genotoxicity (Burgeot et al. 1995), uptake of xenobiotics into 
clam Mercenaria mercenaria brown cells (Zaroogian & Anderson 1995) and melanin 
biosynthesis in squid Loligo pealei cells (Szabo & Arnold 1963). Marine invertebrates 
have also been shown to be interesting models for biomedical research: M. arenaria can 
develop leukemias, the etiology of which is still unknown (Reinisch et al. 1983, Reinisch 
1991). Cultured malignant hemopoietic cells of M. arenaria were used to study the 
expression of the tumor suppressor gene p53 in this species (Walker et al. 1996).
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Table 1.4. Molluscan cell cultures. Aplysia californica (sea hm’Q), Australorbis glabratus 
(gastropod), Crassostrea gigas (oyster), Crassostrea virginica (oyster). Cell growth not 
reported unless stated.
Species Tissue or 
cell type
Duration
of culture
Parameters References
A. califomica bag cells several
weeks
morphology and coupling Kaczmarek et al. 
1979
A. califomica neurons 6 weeks culture conditions, neurite 
regeneration
Dagan & Levitan 
1981
A. califomica neurons 4 days effects of Aplysia 
hemolymph on neurite 
outgrowth
Schacher & 
Proshansky 1983
Aplysia  sp. neurons 72 hours effects of molluscan brain 
extract and hemolymph on 
neurite outgrowth
Wong et al. 1983
A. glabratus heart several
months
culture conditions Chemin 1963
C. heart 3 months media supplements; MTT 
assay
Domart-Coulon et 
aZ. 1994
C. gfgziy heart 6 days micronucleus test after 
exposure to pollutants
Burgeot et al. 
1995
C. heart 2 weeks transient expression of 
luciferase reporter gene 
after transfection of cells
Boulo etal.  1996
C. Wrgmzca mantle
amoebocytes
42 days culture conditions Perkins & Menzel 
1964
C. virginica heart 6-12 days culture conditions Li et al. 1966
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Table 1.4. Molluscan cell cultures, continued. Crassostrea virginica  (oyster), Haliotis 
rufescens  (abalone), Mercenaria mercenaria  (clam), Meretrix lusoria  (hard clam), 
Mizuchopecten yessoensis  (scallop), Mya arenaria  (soft shell clam), Mytilus edulis
Species Tissue or
cell type
Duration
of culture
Parameters References
C. virginica heart, larval 
amoebocytes
up to 6 
months
culture conditions Brewster & 
Nicholson 1979
C. virginica larvae 8 months cell growth observed Ellis & Bishop 
1989
C. virginica brown cells 
from auricle
24 hours phagocytosis; Cd, Ni and 
Dextran uptake; enzyme 
activities
Zaroogian & 
Yevich 1994
H. rufescens larvae 12 weeks myogenesis, cell divisions
observed
Naganuma et a l 
1994
M. mercenaria larvae 8 months cell growth observed Ellis & Bishop 
1989
M. mercenaria brown cells 2 hours uptake of Cd, Ni and BaP Zaroogian & 
Anderson 1995
M. lusoria gill 4 days mitoses observed Chen et a l  1989
M. yessoensis larvae 4 months incorporation of (H3)- 
uridin
Odintsova & 
Khomenko 1991
M. arenaria leukemic
cells
several
months
tumor suppressor gene 
p53
Walker g ra/. 1996
M. edulis mantle 24 hours aspartate transearbamylase 
activity
Lenoir & Mathieu 
1986
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Table 1.4. Molluscan cell cultures, continued. Mytilus edulis (common mussel), Ostrea 
edulis  (oyster), Patinopecten yessoensis  (Japanese scallop). Cell growth not reported 
unless stated.
Species Tissue or 
cell type
Duration 
of culture
Parameters References
M. edulis glycogen
cells
24 hours incorporation of [U-14C] 
glucose
Lenoir gr a/. 1989
M. edulis mantle - dissociation methods, 
incorporation of [2-3H] 
and [U-14C] glucose
Peek & Gabbott 
1989
M. edulis mantle - seasonal variation of cell 
numbers
Peek et al. 1989
M. edulis mantle - lysosomal acid hydrolases 
and Cathepsins B, L & H
Peek & Gabbott 
1990
M. edulis mantle - seasonal changes in 
protein, glycogen & lipids
Gabbott & Peek 
1991
M. edulis, P. dig.gland,
larvae, 
mantle, male 
gonad
4-6
months
attachment factors and 
RNA synthesis
Odintsova et al. 
1994
M. edulis larvae - enzyme activities, 
phagocytosis
Dyrynda et al. 
1995
M. edulis digestive 
gland, blood
Lysosomal damage 
(NRR) after exposure to
fluoranthene in vivo
Lowe & Pipe 
1994, Lowe et al. 
1995
0. edulis mantle 8 months culture conditions Flandre & Vago
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Table 1.4. Molluscan cell cultures, continued. frncW a/ucam  (pearl oyster), fm c W a
margaritifera  (black lip pearl oyster), Spisula solidissima  (surf clam). Cell growth not
Species Tissue or 
cell type
Duration 
of culture
Parameters References
P. fucata, P. 
margaritifera
mantle,
larvae
30 days cell growth observed Machii & Wada 
1989
S. solidissima heart 6 months mitoses observed; 
incorporation of carcinogen 
3-methyl-cholanthrene; 
cytotoxicity of echinoderm 
extracts e.g. holothurin
Cecil 1969, 
Cecil et al. 
1974, Cecü gr 
aZ. 1976
Table 1.5. Cephalopod cell cultures. Loligo pealei (squid). Sepia officinalis (cuttlefish).
Species Tissue or 
cell type
Duration 
of culture
Parameters References
L. pealei ink gland 20 days culture conditions and 
melanin biosynthesis
Szabo & Arnold 
1963
L. pealei embryonic 
neurons, 
glia and 
muscle cells
several
weeks
culture conditions, 
cryopreservation, cell 
identification and 
characteristics
Rice et al. 1990
S. officinalis nidamental
cells
4 hours induction of glucose 
incorporation by 
progesterone
Henry & 
Boucaud-
Camou 1994
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1 .4 .2 .2 .4  Crustaceans (Arthropoda)
Crustacean cell cultures exist mainly from species destined for human consumption, e.g. 
lobster, crayfish and prawns (see Table 1.6). Cell cultures of these species would find 
immediate application in studies of virus and pathogen characterization (Chen et al. 1989, 
Tapay et al. 1995). Like in Mollusca and other phyla, isolated hemocytes are used to 
study the invertebrate immune system and antibacterial properties (Smith & Ratcliffe 
1978, Smith & Soederhaell 1983, Aono et al. 1994). Isolated neurones are an important 
tool in invertebrate neurobiology and recent work has focused on the development of 
neuron primary cultures in the crab Cardisoma camifex (Meyers et al. 1992) and lobster 
Hommarus gammarus (Jackel et al. 1994). Neurons from the freshwater crayfishes 
Pacifastacus leniusculus tmd P. clarkii were found viable for 24 days in culture (Krenz et 
al. 1990). Isolated hepatopancreas cells of lobster H. americanus and the blue crab C. 
sapidus were separated into cell types by density gradient centrifugation, and were used 
to study alanine transport of metabolites {H. americanus; Abeam et al. 1983) and uptake 
and metabolism of BaP and other organic xenobiotics (C. sapidus; Lee 1986, 1989). 
Hepatopancreas cells were used in a number of other studies but cells were generally used 
immediately (DeVillez & Fyler 1986, Cattey 1990, Ke at al. 1990, Sarojini et al. 1993). 
The lack of information on the survival of hepatopancreas (and molluscan digestive 
gland) cells may reflect difficulties in obtaining a contamination-free culture from this 
tissue (Fuerst gf al. 1991). Long-term maintenance has been reported for testicular (11 
months) and hematopoietic tissues (3 months) of H. americanus, and P. leniusculus 
(Brody & Chang 1989). Cell growth of fibroblast- and epithelial-like cells was reported 
in monolayer cultures of ovary and lymphoid tissue of the red-tail shrimp Penaeus 
pencillatus; two subcultures were obtained for lymphoid cell cultures (Chen et al. 1989). 
The first transfonned cell line from a marine invertebrate was also derived from shrimp 
lymphoid tissue (see section 1.4.2.1.).
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Table 1.6. Crustacean cell cultures. Astacus astacus (freshwater crayfish), Callinectes 
sapidus (blue crab). Cancer antennarius  (crab), Carcinoscorpius rotundicauda  (crab), 
Carcinus maenas (shore crab), Cardisoma carnifex  (crab), Hommarus americanus 
(lobster), Hommarus gammarus (lobster), Pacifastacus leniusculus (freshwater crayfish).
Species Cell type Duration of 
culture
Parameters References
A. astacus, C. 
maenas
haemocytes few hours immune defence Smith &
Soederhaell 1983
C. sapidus hepatopancreas few hours metabolism & 
uptake of 
xenobiotics
Lee 1986,1989
C. antennarius ecdysial gland 
cells
3 days ecdysteroid
secretion
Mattson & 
Spaziani 1985
C. amoebocytes 
from blood
treated with mito- 
gen
HograZ. 1988
C. magfzaj haemocytes 7 hours phagocytosis Smith & Ratcliffe 
1978
C. camifex neurons from x- 
organ
24-48 h membrane
currents
Meyers et al. 1992
H.
americanus, P. 
leniusculus
testes, blood 3-11
months
culture conditions, 
ecdysteroid effects
Brody & Chang 
1989
H.
americanus,
M. rosenbergii, 
P. clarki
hepatopancreas, 
antennal gland
transport
characteristics
Cattey 1990
H. gammarus hepatopancreas few hours alanine transport Aheam et al. 1983
H. gammarus nerve cells 3-5 days membrane current Jackel et cd. 1994
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Table 1.6. Crustacean cell cultures, continued. Lzmw/wj (horseshoe crab),
Orconectes rusticus  (crayfish), Pachygrapsus inarinoratus  (crab), Pacifastacus 
leniusculus (freshwater crayfish), Panulirus japonicus  (spiny lobster), Penaeus nwnodon 
(giant tiger prawn), Penaeus orientalis (shrimp), Penaeus penicillatus  (red tail shrimp).
Species Cell type Duration of
culture
Parameters References
L. polyphemus blood
amoebocytes
- culture conditions Armstrong 1985
O. rusticus hepatopancreas few hours cell separation, 
enzyme activities
DeVillez & Fyler 
1986
P. marmoratus heart, stomach 4 months mitosis observed Q uioietal  1968
P. leniusculus, 
P. clarkii
nerve cells 24 days electrophysiolo-
gical properties
Krenz gf aZ. 1990
P. japonicus blood few hours immune responses Aono et al. 1994
P. inonodon hepatopancreas,
heart, blood
few hours identification of 
contaminants
Fuerst gf aZ. 1991
P. orientalis hepatopancreas culture conditions Ke at al. 1990
P. orientalis lymphoid, 
nerve, ovary
- culture conditions Nadala et al. 1993
P. penicillatus lymphoid tissue 
and ovary
4 days mitoses observed Chen etal.  1989
P. clarkii hepatopancreas cytotoxic effects
of naphthalene to 
E-cells
Sarojini et al. 
1993
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1 .4 .2 .2 .5  Echinoderms (Echinodermata)
Compared to molluscs and crustaceans, echinoderm cell cultures have been relatively little 
studied and reports are limited to developmental or immunological subjects (Table 1.7). 
Isolated cells of sea urchin {Strongylocentrotus purpuratus ) embryos were seen to 
differentiate in vitro into spicule-forming, primary mesenchyme cells. Calcium inhibitors 
were employed to study the cellular pathway of spicule formation in the cultured cells 
(Hwang & Lennarz 1993). In a similar study, embryo-derived cells were treated with 
insulin in order to induce spicule formation (Kuno et at. 1994a, 1994b). Sea-urchin 
(Strongylocentrotus nudus) and sea-cucumber (Stichopus japonicus) embryonic cells 
were cultured for several months and cells were observed to attach preferentially to 
polylysines, combined with an increase in RNA synthesis (Odintsova etal. 1994). Like 
other marine invertebrate species, echinoderms have attracted interest due to novel toxins 
and metabolites they produce. Holothurin, a biologically active compound (a steroid 
saponin) isolated from the sea cucumh&r Actinopyga agassizi has been shown to inhibit 
cell growth of human epidermal carcinoma cell lines and to suppress tumours in mice 
(Nigrelli et al. 1967). Fibroblasts from the axial organ of the sea urchin Arbacia  
punctulata and two starfish, Asterias forbesi and Asterias vulgaris, were maintained in 
culture for several months or 8 passages (Cecil et al. 1976). Cytological abnormalities 
(lysis, vacuolization, RNA accumulation) were recorded after exposing the cells to 
holothurin and other echinoderm extracts. In line with other transformation studies 
(Tapay et al. 1995, Boulo et al. 1996), Jagus (1996) recently announced that sea urchin 
(Strongylocentrotus purpuratus) gastrula cells are being used for transfection studies with 
oncogenes in order to produce immortalized cell lines.
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Table 1.7. Echinoderm cell cultures. Arbacia punctulata  (sea uxchin), Asterias forbesi 
(starfish), Asterias vulgaris (starfish), Echinus esculentus (sea urchin), Heinicentrotus 
pulcherrimus  (sea urchin), Stichopus japonicus  (sea cucumber), Strongylocentrotus 
nudus (sea urchin), Strongylocentrotus purpuratus (sea urchin). Cell growth not reported 
unless stated.
Species Cell type Duration of 
culture
Parameters References
A. punctulata, A. 
forbesi, A. vulgaris
axial organ several 
months (8 
passages)
cytotoxicity of
echinoderm
extracts
Cecil gr a/. 1976
E. esculentus coelomocytes 48 h antibacterial
activity
Messer & 
Wardlaw 1979
S. japonicus, S. 
nudus
larval cells 4-6 months attachment factors; 
RNA synthesis
Odintsova et al. 
1994
S. purpuratus, 
H. pulcherrimus
micromere 
cells from 
embryos
5 hours insulin-binding
capacity
Kuno et al. 
1994a,1994b
S. purpuratus mesenchyme 
cells from 
micromeres
pathway involved 
in assembly of 
spicule
Hwang & 
Lennarz 1993
S. purpuratus gastrula cells not known transfection with 
oncogenes
Jagus 1996
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1 .4 .2 .2 .6  Tunicates (Tunicata)
Tunicates (salps, sea-squirts) are protochordates and evolutionary closest to vertebrates 
(Campbell 1976, Remane et al. 1986). This makes them interesting objects in 
developmental and immunological studies. Tunicates are solitary or colonial, usually 
sessile bottom-dwellers (sea-squirts or ascidians) or pelagic (salps). A dorsal nerve cord 
is only present in the larvae; adult tunicates lack a backbone. Table 1.8 gives an overview 
over tunicate cell cultures. Ascidian hemocytes have shown to have functional similarities 
to vertebrate lymphocytes (Peddie & Smith 1995). Hemocytes from the solitary ascidian 
C. intestinalis exhibited in vitro cytotoxic activities to a mouse cell line (Peddie & Smith 
1994). Similar observations were made by Raftos and Hutchinson (1995) examining 
cytotoxicity towards human tumor cells and rabbit red blood cells by S. plicata 
hemocytes. Blood cells from the colonial ascidian Botryllus schlosseri were maintained in 
culture for several weeks with lymphocyte-like hemocytes surviving for up to 6 months 
(Rinkevich & Rabinowitz 1993). Cell proliferation appeared to be stimulated by mitogens 
such as mixed interleukins, Botryllus and sea cucumber hemolymph. In contrast, an 
earlier study did not observe any proliferating activity in Styela clava hemocytes and cells 
only survived for 20 days in culture (Raftos et a l  1990). Cell cultures derived from 
Botryllus embryos have also been successfully grown, with cells proliferating to give rise 
to the cell line, NIO-BES (see Table 1.1) (Rinkevich & Rabinowitz 1994).
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Table 1.8. Tunicate cell cultures. Botryllus schlosseri  (colonial ascidian), Ciona 
intestinalis  (solitary ascidian), Pyura stolonifera, Styela clava, Styela plicata. (solitary 
ascidian). Cell growth not reported unless stated.
Species Tissue or cell 
type
Duration of 
culture
Parameters References
B. schlosseri blood 3 months proliferation 
observed, effect 
of mitogens
Rinkevich &
Rabinowitz
1993
B. schlosseri embryo several
months
proliferation 
observed, culture 
conditions
Rinkevich &
Rabinowitz
1994
C. intestinalis blood not known cytotoxic activity Peddie & Smith 
1994
P. stolonifera blood 10 days culture conditions Warr et al. 1977
S. clava pharyngeal 
tissue, blood
several
months 
(blood cells: 
20 days)
culture conditions Raftos et al. 
1990
S. plicata blood not known cytotoxic reactions Raftos &
Hutchinson
1995
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1.4.3 Culture media, conditions and contamination of marine 
invertebrate cells
The development of proliferating cell cultures from marine invertebrates appears to be 
hampered by mainly two factors: the lack of mitotic activity of the cells and the frequent 
contamination of tissues by bacteria, fungi and other microorganisms. Contamination of 
invertebrate cell cultures often appears to originate from invertebrate tissues rather than 
being introduced from an exogenous source. One third of all abalone, Haliotis rufescens, 
larval cell cultures were contaminated with mainly fungi (e.g. Aspergillus, Penicillum) 
and traustochytrids (marine protosctists) (Naganuma et al. 1994). Decontamination is 
possible by addition of antibiotics or fungizides to the sea water where animals are being 
kept (expensive method) or to dissected tissue (cheaper method) but some 
microorganisms appear to be resistant to antibiotics, e.g. a bacterium resembling Pirellula 
species took over prawn P. monodon primary cell cultures (Fuerst et al. 1991). 
Traustochytrid filaments in cnidarian P. lutea cell cultures could not be eliminated by the 
addition of fungizide supplements and microbial contamination caused the loss of over 80 
% of all explant primary cell cultures (Frank et al. 1994). In explant cultures (containing 
antibiotics) of M. edulis kidney, gill and digestive gland from animals which had not been 
depurated in sterile sea water but taken directly from the sea, digestive gland explants 
were severely contaminated (with bacteria and fungi), with all cell cultures lost within 3-4 
days, followed by kidney cell cultures (1-2 weeks). The majority of gill cell cultures were 
still uncontaminated after 4-6 weeks (C. Birmelin, unpublished results). Many 
invertebrates are known to have large numbers of circulating hemocytes which engulf 
and/or lyse invading microbes (Smith & Ratcliffe 1978). This antibacterial activity is not 
present in cell cultures (unless complete hemolymph was added to the media regularly), 
causing unrestricted growth of microorganisms. In extreme environments, some 
invertebrates even form symbioses with intracellular bacteria. Bivalve species from 
hydrothermal vents are known to contain a specialized gill cell type (bactériocytes) filled 
with chemoautotrophic bacteria, possibly providing metabolic carbon to the host bivalves 
(Le Fennec et al. 1988). It is important that invertebrates used to initiate primary cell
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cultures are collected from clean areas or are cultivated under controlled conditions. In 
addition to these safety measures, more information is needed on the occurrence and 
characteristics of microorganisms present in marine invertebrates.
Limited cell growth of cultured invertebrate cells may be due to a lack of knowledge into 
basic physiological requirements of these cells. To determine the composition of culture 
media best suited to a specific cell type, it is essential to know the exact ion and amino 
acid composition of the tissue in question (Wyatt & Wyatt 1976). Thus, mammalian cell 
culture media may not be the best choice for growing marine invertebrate cell cultures. 
However, commercially available mammalian media such as Leibovitz L-15 are a frequent 
and convenient component of marine invertebrate cell cultures (see Table 1.9) and a 
number of studies has reported successful proliferation of invertebrate cells in these media 
(Chen et al. 1989, Rinkevich & Rabinowitz 1994, Tapay et al. 1995).
In these studies, media were supplemented with salts to produce the higher osmolarity 
required by marine invertebrates. Other supplements are serum which is required for 
proliferation by most cell types. Serum, usually collected from new-born calf or bovine 
foetuses, contains an ill-defined mixture of compounds (Darling & Morgan 1994). These 
include minerals, hormones (e.g. insulin), growth factors (e.g. EOF, epidermal growth 
factor) and other proteins (e.g. albumin, transferrin, fibronectin) which may be beneficial 
to cell growth. Serum may also contain inhibitory substances which may explain why 
some invertebrate cells appear to be very sensitive to serum. Most commercially available 
sera were toxic to primary cell cultures and a cell line (Bge) from the snail Biomphalaria 
glabrata unless the sera was heat-inactivated (Hansen 1976). The addition of (heat- 
inactivated) sera appeared to be nonetheless essential for cell division in cultured 
invertebrate cells. Similar sensitivity to sera has been reported in mammalian cell cultures 
with some cell lines growing successfully only in serum-free culture media (Freshney 
1994).
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Table 1.9. A selection of marine invertebrate cell culture media. Only media used in cell 
cultures where long-term survival and/or cell division was observed were included in the 
list. CEE, chicken embryo extract; ECS, foetal calf serum; PBS, foetal bovine serum; L- 
15, Leibovitz medium.
Media type Brief description
Pf35 P. fucata (pearl oyster) tissue culture medium. Made up of salts, mixture of 
amino acids including taurine and phosphoserine, vitamins, FCS, and other 
components (Machii & Wada 1989).
Ham's F-
1 0
Used for oyster and clam larval cells. Supplemented with NaCl, KCl, 
CaCl], MgSO#, MgClz, 6 -alanine, taurine, betaine, trimethylamine oxide, 
D,L-carnitine and 2-aminoehtylphosphonate (Ellis & Bishop 1989).
STCM Shrimp tissue culture medium. Used for shrimp lymphoid organ and ovary 
cells. Based on 70 % 2 x L-15 supplemented with NaCl, KCl, CaClz, 
MgSÛ4 , MgClz, FCS, shrimp muscle extract and lobster hemolymph (Chen 
era/. 1989)
BCCM Botyrillus cell culture medium. Used for tunicate cell line NIO-BSE. Based 
on DEM Dulbecco’s modified Eagle’s medium supplemented with NaCl, 
KCl, CaClz, MgS0 4 , MgCU, L-glutamin, FBS, tunicate hemolymph and/or 
CEE (Rinkevich & Rabinowitz 1994).
NIO
medium
Cnidarian cell culture medium. 10% L-15 in sea water, supplemented with 
KCl, CaCl], MgSÛ4 , HEPES, taurine, and heat-inactivated FBS (Frank et 
a/. 1994).
Medium D Growth medium for transformed shrimp Oka cells. Based on 2 x L-15 
supplemented with salts, FBS, shrimp extract, epidermal growth factor and 
human recombinant interleukin-2 (Tapay gr a/. 1995)
K^P58 MEM Eagle (Earle’s salts). Used for M. arenorm cardiac cell line. 
Supplemented with NaCl, KCl, CaCl], MgSÛ4 , MgCl], L-glutamin, 
nonessential amino acids, FBS, M. hemolymph and 
insulin/transferrin/sodium selenite solution (Kleinschuster et a. 1996).
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An alternative, or addition, to mammalian sera are invertebrate hemolymph or tissue- 
derived extracts. These have the advantage of having a more species-specific chemical 
composition but they may also be toxic. Oyster (C. virginica) heart and larval 
amoebocytes survived best in medium 199 supplemented with foetal calf serum, beef 
embryo extract, lactalbumin hydrolase, oyster hemolymph and heart extract (Brewster & 
Nicholson 1979). Whole oyster extract appeared to be toxic to the cells. Freshly collected 
snail hemolymph became toxic to B. glabrata cells due to oxidation in air. A beneficial 
effect on cell cultures was observed if hemolymph was collected into a solution 
containing dithiothreitol (reducing agent) (Hansen 1976). The most comprehensive study 
into the effect of media supplements was carried out using cultured oyster C. gigas heart 
cells (Domart-Coulon et a l  1994). A new complex supplement was designed, named 
FPI, containing hormones (insulin and hydrocortisone), polypeptidic growth factors 
(EGF and PDGF), protective antioxidant enzymes (catalase), lipids and lipid mediators. 
In L-15 media supplemented with 10% FCS and 10% FPI, the viability of heart cell 
cultures was improved by 30% (as measured by the MTT reduction assay) and cells 
remained viable for at least several months. However, cell proliferation was not 
observed. Invertebrate cells are often cultured at lower temperatures than mammalian 
cells. Thus, mammalian growth factors could be suboptimal for invertebrate cells 
(Mothersill et a l 1995). More steps have to be taken to develop new compounds and 
culture techniques, such as the isolation of endogenous growth factor from marine 
invertebrates (Odintsova et a l 1993). A mitogenic factor from M. edulis cerebral ganglia 
and hemolymph stimulated [^H]-thymidine incorporation into the DNA of isolated M. 
edulis mantle cells (Mathieu et a l 1988). A molluscan heparin-binding growth factor 
stimulated [^H]-thymidine incorporation into DNA of 3T3 fibroblasts, a mouse cell line 
(Cantillana & Inestrosa 1993). An important aspect could also be too high oxygen 
concentrations in the media, possibly leading to the generation of ROS which may have a 
detrimental effect on cell health (Domart-Coulon et a l 1994).
Equally important for invertebrate cell growth may be attachment factors which promote 
the adhesion of cells, thereby mimicking the in vivo environment in a tissue and
37
favouring cell division. Most vertebrate cell lines are grown as monolayer cultures, and 
growth in suspension cultures are restricted to some cancerous cell lines (Freshney 
1994). Cells derived from larvae, digestive gland, mantle and male gonad of 4 different 
invertebrate species - scallop (Patinopecten yessoensis), mussel (Af. edulis), sea urchin 
{Strongylocentrotus nudus) and sea cucumber {Stichopus japonicus) - were tested on 
substrate selection and RNA synthesis (Odintsova et al. 1994). Substrates tested were 
collagen, fibronectin, polylysines, histones, adhesive protein from M. edulis tissues and 
protamine-like protein from M. edulis sperm. The best substratum for molluscan larval 
cells was found to be collagen, whereas echinoderm larval cells preferred polylysines. 
Although no mitotic cells were observed, the choice of substratum resulted in a 3-40 fold 
increase in RNA synthesis activity and larval cell cultures were maintained for 4-6 
months, whereas cells in suspension survived only for one month.
1.4.4 The use of marine invertebrate cell cultures in toxicology
Although vertebrate cytotoxicology has been a growing field in the past 20 years (Castano 
& Tarazona 1995), invertebrate - predominantly molluscan and crustacean - cell systems 
have only recently been developed for use in environmental toxicology. Unlike 
mammalian in vitro research where the main incentive is to minimize the use of whole 
animal experiments (for ethical and financial reasons), invertebrate cell cultures are 
employed when a technique requires the use of isolated cells, i.e. in the single cell gel 
electrophoresis (comet) assay or micronucleus test. There is no immediate necessity to 
replace in vivo experiments as no licence is required for experimenting with invertebrates 
(except for cephalopods). Of the few existing in vitro marine toxicological studies, most 
dealt with either invertebrate hemocytes or with cells which were not cultured, reflecting 
the problems in procuring long-lived and metabolically active cell cultures of marine 
invertebrates. For example, no detailed study of molluscan digestive gland or crustacean 
hepatopancreas cell cultures exists although these organs are extensively used in marine 
toxicological research (being the major site of organic xenobiotic metabolism, James 
1989, Livingstone 1991a). Some limited work has been carried out with freshly isolated
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M. edulis digestive cells showing lysosomal membrane damage after mussels were 
exposed in vivo to the PAH fluoranthene (Lowe & Pipe 1994, Lowe et al. 1995). Lee 
(1986, 1989) carried out an interesting study identifying which cell types are responsible 
for metabolism and accumulation of BaP and other organic xenobiotics in C. sapidus 
hepatopancreas. CYP-dependent BaP metabolism mainly took place in F-and B-cells, but 
not in R-cells. Unfortunately, this author did not carry out any long-term studies on the 
separated cell types. Other hepatopancreas cell types, i.e. E-cells in P. clarkii were also 
affected by cytotoxic xenobiotics (Sarojini et al. 1993). During in vivo exposure to 
naphthalene, B-cells lost their proliferating ability to replace differentiated cells and the 
hepatopancreas weight decreased, but the process was reversed when animals were 
depurated in clean water.
By far the most studies have been earned out using invertebrate hemocytes, presumably 
because of ease of collecting single cells and their importance for the immune system. 
Hemocytes are macrophage-like cells which are known to release ROS as an immune 
defence mechanism against invading microbes (Pipe 1992). Environmental pollutants 
such as PAHs and heavy metals were shown to suppress the immunocompetence of M. 
edulis via a decrease in phagocytotic activity (Coles et al. 1994, Pipe & Coles 1995). In 
vitro exposure of oyster C. virginica hemocytes to sublethal concentrations of copper 
revealed that this heavy metal suppressed luminol-augmented chemiluminescence (which 
measures phagocytotic activity via the release of ROS, stimulated by addition of 
zymosan), a sign of immunosuppression (Anderson et al. 1994b). Similar responses of 
M. edulis hemocytes were seen after the Sea Empressoil spill in South Wales in 1996. A 
decrease in superoxide anion radicalgeneration and phagocytosis, together with elevations 
in cell numbers were seen in hemocytes from oil-contaminated mussels (Dyrynda et al. 
1997). Molluscan hemocytes have also been used to study apoptosis^ and in vivo 
genotoxic effects and DNA damage as measured with the single cell gel electrophoresis 
assay (comet assay) (Nacci et al. 1996, Steinert 1996). Hemocytes of M. edulis are also 
indicated to contain an MFO system from measurements of NAD(P)H-dependent 
ferricyanide and cytochrome c reductase and BPH activities (Livingstone & Farrar 1984).
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^programmed cell death
The genotoxicity of BaP, cupric sulphate and a paper mill effluent was examined in 
cultured oyster C. gigas heart cells using the micronucleus assay but it appears that the 
poor quality of the cell preparations (which were cultured for 6  days) hampered 
conclusive and reproducible results from this study (Burgeot et al. 1995). Other studies 
using cells other than hemocytes were more successful although long-term experiments 
with cultured cells were not attempted. The accumulation mechanisms of cadmium, nickel 
and BaP uptake (maximal incubation: 2 h) was investigated in isolated brown cells from 
the M. mercenaria (Zaroogian & Anderson 1995). The use of metabolic inhibitors had no 
effect on uptake rates suggesting that uptake took place by passive transport. 
Chloroquine, a lysosomal membrane stabilizer, caused a concentration-dependent 
inhibition of uptake rates indicating that the site of intracellular accumulation of cadmium, 
nickel and BaP are the lysosomes. In summary, it seems clear that studies in marine 
toxicology could benefit greatly from the use of marine invertebrate cell cultures, whether 
these were employed in routine testing of new, potentially toxic, chemicals in risk and 
safety evaluation studies or as an additional asset to already existing biomarker 
approaches to elucidate the fate and effects of environmental pollutants.
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1.5 Aims of this thesis
The aim of this work was
i) to define the optimal conditions for the maintenance of M. edulis digestive gland cells in 
vitro as judged by viability, cell morphology and enzyme activities.
ii) to measure the initial levels and changes over time of biotransformation and antioxidant 
enzymes in M. edulis digestive gland cultures with a view to examining the potential of 
the cell system for toxicological studies.
iii) to determine the responses of such cultures to xenobiotics, including induction of 
biotransformation enzymes and other biomarker proteins.
iv) to apply the developed methodologies to comparative studies on cell cultures from 
tissues of representative species of other major aquatic invertebrate phyla, namely the red 
swamp crayfish Procambarus clarkii (Phylum: Arthropoda).
Chapter 3 describes the optimisation and basic cell characteristics of M. edulis cell 
cultures. Chapter 4 examines resultant morphological and enzymic changes with the 
keeping of the cell cultures. Chapter 5 reports the application of the M. edulis digestive 
gland cell culture to toxicological studies, including the presence and inducibility of 
biomarker proteins. Chapter 6  describes detailed comparison studies of M. edulis and P. 
clarkii in the metabolism and effects of the fenitrothion in the respective cell culture. 
Finally, the overall results are summarized and discussed in Chapter 7. Information on 
additional collaborative toxicological studies (comet assay), not reported in detail, is given 
in the Appendix in the form of published or submitted papers.
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CHAPTER 2.
MATERIALS AND METHODS
2.1  Collection and maintenance of animals
2.1 .1  In Plymouth, UK
Mussels Mytilus edulis (length 4-6 cm) were collected at spring low tides from rocks at 
Whitsand Bay, Cornwall. In the laboratory, the mussels were cleaned of barnacle growth 
and other epibiota, sprayed with 75 % ethanol and externally dried. The animals were 
kept in static systems (1 L sea water per 5 mussels) in 10 or 20 L tanks filled with 0.45 
|im filtered, autoclaved and oxygenated sea water at 15°C. The animals were not fed 
because they were usually used within 1-3 days after collection.
One crayfish Pacifastacus leniusculus (length 12 cm) was purchased by Dr A. Chrachri, 
MBA, Plymouth, from Chris Campbell, Whistley Waters, Dorset, UK. This crayfish 
was used to obtain light microscopy photographs from hepatopancreas cell suspensions.
2 .1 .2  In Barcelona, Spain
Crayfish Procambarus clarkii (length 5-8 cm) were collected first from the Olympic 
Channel near Barcelona because no animals from other sites were initially available. 
Larger specimens (length 6-13 cm) were later collected from the Ebro Delta near 
Tarragona. The animals were kept in dechlorinated freshwater in oxygenated static 
systems (60 L tanks) at 20°C. The water was exchanged once a week. The animals were 
fed daily with canots and were kept for 1 to 2  weeks.
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2 . 1 . 3  In Bergen, Norway
Mussels M. edulis (length 4-6 cm) were collected from Bergen Harbour, a polluted site, 
and from near the University of Bergen Biological Station, Espeland, a clean (control) 
site. In the laboratory, the mussels were cleaned as described in section 2.1.1, and kept in 
large flow-through systems in 80 L tanks with filtered sea water (provided by 
Industrielaboratoriet, High Technology Center). The animals were not fed.
2 .2  Sterilization of cell culture solution and materials
All glassware and dissection instruments were soaked overnight in SigmaClean Washing 
up Solution, rinsed 5 times in tapwater, 3 times in deionized water, dried overnight in a 
drying cabinet, and heat-sterilized in a stainless steel oven at 160°C for at least 2  hours. 
The glassware and instniments were allowed to cool to room remperature and transferred 
to the cell culture laboratory. Heat sterilized glassware was used within 24 hours. 
Reuseable bottle top filters, PTFE and teflon stirring bars for magnetic stirrers, and all 
autoclavable liquids and solutions (seawater, calcium-magnesium-free saline, 
physiological saline, gelatin solution) were autoclaved at 121°C for 60 min. Trypsin 
solutions and supplemented media were filter-sterilized through autoclaved Nalgene 
reusable bottle top filters (0.22 jim filter membrane) into heat-sterilized glass bottles. The 
filtration was cai'ried out under vacuum in a laminar flow hood. Whole mussel extract and 
mussel serum were filter-sterilized using 0.22 |im Whatman syringe filters.
2 .3  Chemicals
All companies from where chemicals were purchased are listed below. Cell culture 
chemicals were usually purchased from Sigma or GibcoBRL Life Technologies, 
chemicals for biochemical assays were from Sigma, Merck Ltd. or Fisher Scientific UK. 
Chemicals used in Barcelona and Bergen were generally from Sigma or Merck Ltd, 
unless otherwise stated.
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A m ersham , UK - ECL Western blotting kit, molecular weight markers 
methylated protein, PRO-MIX'* L-[^^S] in vitro cell-labelling mix.
Bio-Rad, CA - Goat anti-rabbit IgG (H+L)-HRP conjugate, goat anti-mouse IgG 
(H+L)-HRP conjugate, prestained SDS-PAGE standards
Biosense Laboratories, Norway - monoclonal mouse anti-cod CYPIA (NP-7), 
polyclonal rabbit anti-fish CYPIA peptide (BN-1) and polyclonal anti-cod CYPIA 
antiserum.
British Greyhound - Fenitrothion, fenitrooxon.
GibcoBRL Life Technologies - AntiPPLO agent, foetal bovine serum, gentamicin, 
Leibovitz medium
Fisher Scientific, UK - Methanol.
Merck Ltd., UK - Calcium chloride, magnesium chloride, magnesium sulphate. 
Sigma, UK - a-naphthyl-acetate, acetylthiocholine iodide, bovine serum albumin 
(BSA), l-chloro-2,4-dinitrobenzene (CDNB), collagen Type I, cytochrome C, 
dichlorophenolindophenol (DCPIP), dipotassium hydrogen phosphate, dithiothreitol, 
dim ethyl sulfoxide (DMSG), 5 ,5 ’-d ith io-bis(2-nitrobenzoate) (DTNB), 
ethylenediaminetetraacetic acid (EDTA), ethyl acetate, fibronectin, glutathione (reduced 
form; GSH), HEPES, hydrogen peroxide (30%), hypoxanthine, Leibovitz medium, 
poly-L-lysine, potassium chloride, potassium dihydrogen phosphate, protease, 
SigmaClean Liquid, sodium chloride, trypsin, xanthine oxidase (EC 1.2.3.2). 
Stress-Gen Biotechnologies Corp. - Mouse anti-human Hsp70 (inducible form) 
monoclonal antobody (SPA-810), mouse anti-human Hsc70 & Hsp70 (constitutive and 
inducible form) monoclonal antibody (SPA-820).
2 .4  P reparation  of prim ary cell cultures of mussel (M. edulis) digestive 
g lands
Sections 2.4.1 to 2.4.7 describe the methods used for developing and optimizing the 
protocol for obtaining a primary cell culture of M. edulis digestive gland. A dissociation
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protocol developed for M. edulis mantle cells (Peek & Gabbott 1989) and modified for 
M.edulis digestive gland cells (Lowe & Pipe 1994) was used as a basis for determining 
the dissociation protocol yielding the highest number of viable cells. The final protocol 
for obtaining mussel digestive gland cells is described in chapter 3. All procedures 
(unless otherwise stated) were carried out at 15 ± 1°C in a thermoregulated room 
containing a laminar flow hood exclusively used for cell culture purposes.
2.4 .1 Dissection of mussel digestive glands
Mussels which had been kept in sterile sea water for at least 24 hours were externally 
dried and the shell sprayed with 75 % ethanol. The following procedures were 
undertaken in a sterile culture hood using sterilized material if sterile cultures were 
required. Mussels were opened by cutting through the adductor mussel using a scalpel. 
The digestive gland was freed in situ from kidney, muscle and connective tissues, cut out 
with small scissors, and the style removed. After weighing, the digestive gland was 
placed into a glass petri dish with approx. 1 0  ml of calcium-magnesium-free saline (= 
CMFS; 1100 mOsm, pH 7.3, containing 20 mM HEPES, 500 mM NaCl, 12.5 mM KCl 
and 5 mM EDTA (Peek & Gabbott 1989)) and minced into small (2 mm) pieces. The 
tissue was then transferred to 20 ml Sterilin flasks and washed twice with fresh CMFS.
2 .4 .2  Dissociation of mussel digestive glands
Initially three different trypsin concentrations (Sigma T4799) and two different 
dissociation temperatures were studied. After dissection and washing, the tissue pieces 
from three pools of digestive glands (5 digestive glands per pool) were transferred to 
trypsinizing flasks containing the tiypsin/CMFS solution (volume: 25 ml per digestive 
gland). The tissue was either dissociated immediately by gently stirring the solution 
containing the tissue fragments on a magnetic stirrer at 15°C for 1 hour, or left overnight 
at 4°C in enzyme solution, and dissociation completed the next day for 1 hour at 15°C. 
Once the dissociation protocol was optimized, tissue was dissociated in trypsin/CMFS or
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CMFS alone for 2 hours. The cell suspension was removed every 30-60 min and 
replaced with fresh solution.
2 .4 .3  Centrifugation of mussel digestive gland cell suspensions
Conical or round Falcon centrifuge tubes were used at different centrifugation speed. The 
dissociated cell suspension was filtered through sterile 40 \im Falcon cell strainers to 
eliminate cell clumps, collected in sterile 15 ml or 50 ml Falcon centrifuge tubes and 
centrifuged at 50, 100 or 180 g (500, 750 or 900 rpm) in a MSB Mistral 4L (Fisons) 
centrifuge for 5 or 10 min at 10°C. The supernatant was discarded and the pellet gently 
resuspended in physiological saline (1100 mOsm, pH 7.3, containing 20 mM HEPES, 
436 mM NaCl, 10 mM KCl, 53 mM MgSO^ and 10 mM CaCl% (Peek & Gabbott 1989)) 
or culture medium. Viable cells were counted before and after centrifugation.
2.4 .4  Culture media and conditions for mussel digestive gland cells
Leibovitz medium was chosen as the culture medium because it does not require a CO2 
atmosphere for buffering. It has been used successfully in other marine invertebrate cell 
cultures (Odintsova 1994). Leibovitz medium was supplemented with 20.2 g/1 NaCl, 
0.54 g/1  KCl, 0.60 g/1 CaClz, 1 g/1 MgS0 4 , and 3.9 g/1  MgClz. Osmolarity (1000 mOsm) 
and pH (7.3) were adjusted before filter-sterilizing the solution. 10% foetal bovine serum 
(FBS), 1% gentamicin and 1% AntiPPLO were added aseptically. FBS was replaced with 
1 0 % whole mussel extract or 1 0 % mussel serum in order to try to improve viability of 
cells. Whole M. edulis extract was made up using all mussel tissues except for the 
muscular foot which contains substances which make the extract viscous and difficult to 
filter. Tissues were homogenized in 4 ml physiological saline per g wet weight of tissue, 
filtered through 100 |im and centrifuged at 200g (1000 rpm) in a MSB HI-SPIN 21 
(Fisons) centrifuge for 10 min at 4°C. The pellet containing cell debris was discarded and 
the supernatant transfened to clean tubes and centrifuged at 9000g (10,000 rpm) for 30 
min at 4°C. The resulting supernatant was a clear, pale-yellow solution. The extract was
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filter-sterilized and frozen at -20°C. M. edulis serum was obtained by bleeding the 
mussels with a sterile syringe and needle. Clear haemolymph was extracted from the 
posterior adductor muscle. Approximately 0.5 to 1 ml haemolymph was obtained per 
mussel. Haemocytes clump together very quickly when in contact with air and form white 
flocks. To remove the haemocytes, haemolymph was centrifuged at 10,000 g for 15 min 
at 4°C. The supernatant was filter-sterilized and frozen at -20°C.
For viability studies, freshly islolated cells (approx. 1 million cells per ml) were seeded in 
triplicate into sterile, disposable, uncoated Falcon 24-well culture flasks. For enzyme 
studies, cells were incubated in triplicate in sterile 10 ml Falcon culture flasks. Cell 
cultures were incubated at 10°C inside an airtight container in a thermoregulated room.
2 .4 .5  Viability testing of mussel digestive gland cells
Cell viability was checked by dye exclusion using the red dye eosin Y. Aliquots (usually 
in triplicate) of 0 . 0 2  ml cell suspension was mixed in a microcentrifuge tube with 0 . 0 2  ml 
0.05% eosin Y dissolved in CMFS. A drop was then transferred to a haemocytometer 
and viable (unstained) and non-viable (stained) cells were counted with an electronic 
differential cell counter.
2 .4 .6  Cell attachment of mussel digestive gland cells
The attachment of cells to the culture vessel was studied using a range of commercially 
available attachment factors. After coating 24-well culture plates with the attachment 
factors, the wells were rinsed with physiological saline just before cells were introduced. 
Freshly isolated cells were seeded at a concentration of 1 million cells per well, and the 
behaviour of cells monitored for at least 48 hours.
Gelatin: A 0.1 % gelatin solution was made up by dissolving gelatin powder in
deionized water and autoclaving it. Culture flasks were coated with a
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minimal volume for at least 4 hours. Residual solution was then 
discarded and the flasks allowed to dry.
Collagen: A 0.1 % collagen solution was made up by dissolving collagen in 0.1%
acetic acid and transferring it to a glass bottle. Chloroform was carefully 
layered at the bottom of the bottle and left overnight at 4°C to sterilize 
the solution. The collagen solution was then removed aseptically. 
Culture flasks were coated with a minimal volume and the protein was 
allowed to bind overnight at 4°C. Excess fluid was then removed and 
the flasks allowed to dry.
Fibronectin: Sterile fibronectin solution was diluted with physiological saline to a
final concentration of 0 . 1  % and culture flasks were coated with a 
minimal volume. The protein was allowed to bind for at least 45 min. 
Excess protein was removed.
Poly-L-lysine: Sterile deionized water was added to poly-L-lysine to give a 0.1 %
solution. Culture flasks were coated with a minimal volume for 5 min. 
Excess fluid was removed and the flasks allowed to dry for at least 2 
hours.
2.4 .7  Cryopreservation of mussel digestive gland cells
Prior to cryopreservation, M. edulis digestive gland cells were incubated at 15°C in 
medium containing the cryoprotectants glycerol and DMSO for up to 2 hours in order to 
estimate the toxicity of these compounds. For cryopreservation, freshly isolated cells 
were spun down and the pellet gently resuspended in physiological saline and cells 
counted before transferring them to culture medium (supplemented with 10 % FBS) 
containing 10 % or 20 % glycerol or DMSO. Aliquots of 1 ml of the cell suspension were 
transferred to cryovials and slowly frozen (approx. TC/min) inside an isopropyl alcohol- 
filled cryopreservation container (“Mr Frosty“, Sigma) to -70“C. After 2 hours, the cells 
were transferred to liquid nitrogen (-190”C). The next day, cells were thawed to 15”C and 
viable and nonviable cells were counted.
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2 .5  Preparation of primary cell cultures of mussel (M. edulis) gill
Primary cell cultures of mussel gill were prepared to study enzyme effects of fenitrothion 
(see chapter 6 ). No long-term cultures were attempted.
2.5 .1  Dissection of mussel gill
Mussels were opened as described in section 2.4.1 and the gills were removed by cutting 
around the edges where the gills are connected to the digestive gland and other organs. 
The gills were then weighed, placed into CMFS and minced into small pieces.
2.5 .2  Dissociation of mussel gill
As the gill tissue is quite sticky it does not dissociate very well in CMFS. It was therefore 
dissociated in 0.1 % protease/CMFS for 2 hours. The cell suspension was removed every 
hour and fresh solution was added to the remaining tissue.
2 .5 .3  Centrifugation of mussel gill cell suspensions
Gill cell suspension was filtered through 100 pm cell strainers and centrifuged in 50 ml 
conical Falcon tubes at 250 g (1300 rpm) in a MSB Mistral 4L (Fisons) centrifuge for 5 
min at lOûC. The pellet was gently resuspended in physiological saline and viable cells 
were counted as described in section 2.4.5.
2 .5 .4  Culture conditions of mussel gill cells
Freshly isolated gill cells were used immediately for enzyme studies with fenitrothion. 
Cells resuspended in physiological saline (concentration: 10-20 million cells per ml) were
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incubated in triplicates in small glass flasks (total volume: 2  ml) for up to 1 2  hours at 
15ÛC on a shaker.
2 .6  Preparation of primary cell cultures of crayfish (P. clarkii) 
hepatopancreas
Primary cell cultures of crayfish hepatopancreas were prepared to study enzyme effects 
and metabolism of fenitrothion (see chapter 6 ). No long-term cultures were attempted.
2.6.1 Dissection of crayfish hepatopancreas
Crayfish were placed on ice to stun them. A pair of forceps was then inserted under the 
céphalothorax and the whole céphalothorax removed. This allowed access to the 
hepatopancreas which was carefully removed and placed onto ice.
2.6 .2  Dissociation of crayfish hepatopancreas
The hepatopancreas of (usually) 10 animals were weighed and dissociated in 0.1 % 
trypsin, 0.1 % protease or CMFS (500 mOsm, pH 7.3, containing 10 mM HEPES, 250 
mM NaCl, 6.25 mM KCl, 2.5 mM EDTA) for 2 hours in trypsinizing flasks at 20°C. The 
cell suspension was removed every hour and replaced with fresh solution.
2.6 .3  Centrifugation of hepatopancreas cell suspensions
Cell suspensions were filtered through 100 pm cell strainers and centrifuged in 50 ml 
conical Falcon tubes at 50, 90 and 180 g (500, 700 and 900 rpm) for 3 min at room 
temperature. The pellets were resuspended in crayfish physiological saline (422 mOsm, 
pH 7.3, containing 10 mM HEPES, 198 mM NaCl, 5.4 mM KCl, 13.5 mM CaClz, 2.6 
mM MgCl%) and viability was checked in 0.05 % eosin Y/CMFS.
50
2 . 6 . 4  Culture conditions of crayfish hepatopancreas cells
Freshly isolated hepatopancreas cells were used immediately for enzyme and metabolism 
studies with fenitrothion. Cells resuspended in crayfish saline (concentration: 20-30 
million cells per ml) were incubated in triplicates in small glass flasks (total volume: 2  ml) 
for up to 12 hours at 15ÛC on a shaker.
2 .7  Electron microscopy of cultured mussel digestive gland cells
2 .7 .1  Fixation
Cultured mussel digestive gland cells were spun down to remove culture medium and 
resuspended in cold EM fixative (2 % formaldehyde, 2 % glutaraldehyde, 2 % NaCl, 
2mM CaClz in 0 . 2  M sodium cacodylate buffer, pH 7.4). After 1 hour, cells were spun 
down on a Varian CR3-12 bench centrifuge at 200 g (1000 rpm) for 3min and 
resuspended in a small volume of sodium cacodylate buffer containing 15 % bovine 
serum albumin at a concentration of approximately 5 million cells per ml. Aliquots (100 
pi) of the cell suspension were mixed with 1 0 0  pi fixative and small droplets of the 
mixture were placed onto slides coated with a hydrophobic film (Dako Ltd.) and left to 
solidify for a few minutes. The solidified droplets were then removed, placed into a small 
vial containing sodium cacodylate buffer and left overnight on a rotator. The next day the 
sodium cacodylate buffer was replaced with a small volume of 1 % osmium tetroxide in 
sodium cacodylate buffer and left for 2  hours (osmication; cell sample will turn black). 
The osmium tetroxide was then discarded and the sample washed twice in sodium 
cacodylate buffer.
2 .7 .2  Dehydration and embedding
The osmicated samples were dehydrated in an ethanol series of 50, 70, 90, 100 and 100 
% ethanol (15 min in each). The dehydrated samples were then placed overnight into LR
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White Resin (Agar Scientific) with several changes of resin before being embedded in 
gelatin capsules (plastic sectioning). The capsules were left to polymerize for 12 hours at 
60°C.
2.7 .3  Sectioning and staining
Ultrathin sections (silver/gold 70-90 nm) were cut on a Reichert Ultracut E 
ultramicrotome and collected on nickel grids. The sections were stained with uranyl 
acetate and lead citrate for 20 min before examination in a Philips 300 electron 
microscope.
2.8 Biotransformation, antioxidant and esterase enzyme activities
2 .8 .1  Preparation of samples
In order to compare enzyme activities, supernatants were prepared from freshly isolated 
cells and from homogenized tissue. M. edulis digestive gland and gill cells were spun 
down and resuspended in homogenization buffer (10 mM Tris-HCl, 0.5 M sucrose, 0.15 
M KCl, pH 7.6). Cell walls were broken open by sonicating the cell suspension for 3 x 5 
sec at a medium setting. Whole digestive glands and gills were homogenized using a 
Potter-Elvehjem electrically driven teflon homogenizer in homogenization buffer, as 
described in Livingstone & Farrar (1984). Both tissue and cell suspensions were 
centrifuged at 200 g (1000 rpm) in a MSE HI-SPIN 21 (Fisons) centrifuge for 10 min at 
4°C to remove cell debris and lipids. The supernatants were transferred to clean tubes and 
centrifuged at 9,000 g (10,000 rpm) for 30 min at 4°C. The pellets were discarded and 
the supernatants used for enzyme studies. P. clarkii hepatopancreas cells were spun 
down, resuspended in ice-cold 100 mM Tris-HCl pH 8.0 and sonicated for 3 x 5 sec. 
Whole crayfish hepatopancreas were homogenized in the same buffer. Both tissue and 
cell suspensions were centrifuged at 12,000 g for 30 min and the supernatant assayed for 
enzyme activities as described in Escartin & Porte (1996).
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2 .8 .2  Lowry protein assay
Protein concentrations were determined by a modified method based on the protein assay 
of Lowry et al. (1951). A small volume (2 or 5 }il) of sample or sample buffer (control) 
was diluted in duplicates with distilled water to 250 jil and mixed with 230 |il of Lowry A 
solution (2 g potassium sodium tartrate, 10 g sodium carbonate in 500 ml NaOH, made 
up to 1 1 with distilled water). The solutions were heated at 50°C for 10 min in a 
preheated water bath. Lowry B (2 g potassium sodium tartrate, 1 g copper sulphate in 90 
ml distilled water, made up to 11 with NaOH) was diluted 1:1 with distilled water. Lowry 
B aliquots of 50 pi were added to each tube and the tubes left at room temperature for 10 
min. Lowry C (Folin & Ciocalteau’s phenol reagent, diluted 1:15 in distilled water) was 
always prepared fresh for each assay. Aliquots of 750 pi were added to each tube and the 
tubes heated at 50°C for 10 min. The colour development was measured on a Varian Cary 
1 spectrophotometer at 640 nm against a range of duplicate bovine serum albumin 
standards (0.02, 0.04, 0.1, 0.2, 0.4 mg/ml) treated the same way as the samples.
2 .8 .3  Enzyme assays
All enzyme assays were earned out in duplicate or more in 10mm path length cuvettes. 
Complete reaction mixtures where the enzyme (sample) was replaced with sample buffer 
were used as blanks. The reagents (except the sample or other reagent starting the 
reaction) were mixed and incubated at 25°C before the reaction was started. Reagents 
were made up in sample buffer or distilled water except where otherwise stated. All 
enzyme activities were quantified by dividing the activities obtained by mg sample 
protein to give specific activities.
2 .8 .3 .1  Superoxide dismutase (SOD) (EC 1.15.1.1)
The cytosolic antioxidant enzyme superoxide dismutase (SOD) catalyzes the conversion 
of superoxide anion radical, O2’ , into hydrogen peroxide, H2O2 , and molecular oxygen:
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2 H ^
O 2  +  O 2  ---------------------->  H 2 O 2  +  O 2
superoxide
dismutase
SOD activity was measured by the cytochrome c method of McCord & Fridovich (1969). 
In this assay, the flavoprotein xanthine oxidase (EC 1.2.3.2) catalyses the formation of 
O2  from hypoxanthine (substrate) which is in turn oxidized to xanthine and then to urate:
hypoxanthine + O2 ------------- > xanthine + O2" *  > uric acid + O2  *
xanthine xanthine
oxidase oxidase
O2 reduces cytochrome c and the colour change due to reduced cytochrome c can be 
detected spectrophotometrically at 550 nm. The presence of SOD removes O2 from the 
reaction mixture, thereby inhibiting the reduction of cytochrome c and the colour 
development. The amount of SOD which inhibits the reduction of cytochrome c by 50 % 
is defined as one SOD unit. The amount of sample (0.1 to 1 mg protein per cuvette) was 
adjusted to yield an inhibition of absorbance of 50 %. The replacement of sample with 
sample buffer gives the maximum reduction of cytochrome c (approximately 0.02 O.D. 
min’ )^. Sample buffer and sample aliquots (usually 100 pi) were mixed with 43 mM 
KH2PO4/K2HPO4 - 0.1 mM EDTA buffer pH 7.8, followed by the addition of 50 pM 
hypoxanthine and 10 pM cytochrome c. The reaction was started by adding 6.7 mU/ml 
xanthine oxidase and run for 1 min. The final reaction volume was 3 ml.
2 . 8 .3 .2  Catalase (EC 1.11.1.6)
This heme protein scavenges H2O2 by catalyzing its conversion into water and molecular 
oxygen:
H2O2 + H2O2 > 2 H2O + O2
catalase
The assay is carried out according to the direct spectrophotometric determination of H2 O2  
decrease (Aebi 1974) under UV light at 240 nm using quartz cuvettes. Aliquots of 50 mM 
KH2PO4/K2HPO4 - buffer pH 7.0 were prepared, followed by the addition of 50 mM
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H2 O2 The reaction was started by adding 100 |il sample (0.1 to 1 mg protein per cuvette) 
or sample buffer (control) and run for 1 min. The final reaction volume was 3 ml.
2 . 8 .3 .3  Glutathione S-transferase (GST) (EC 2.5.1.18)
This cytosolic phase II bio transformation enzyme conjugates reduced glutathione to 
electrophilic xenobiotics and renders them more excretable. In this assay l-chloro-2,4- 
dinitrobenzene (CDNB) is the substrate and the absorbance of the conjugate product is 
measured spectrophotometrically at 340 nm according to the method of Habig et at. 
(1974). Into 80 mM KH2PO4/K2HPO4 - buffer pH 6.5, 1 mM reduced glutathione were 
mixed, followed by the addition of 1 mM CDNB. The reaction was started by adding 100 
III sample (0.1 to 1 mg protein per cuvette) and run for 1 min. The final reaction volume 
was 1 ml.
2 . 8 .3 .4  DT-diaphorase (DTD) (NAD(P)H: quinone 
oxido-reductase) (EC 1.6.99.2)
DTD has functions in both biotransformation (metabolism of quinones) and as an 
antioxidant enzyme (prevents redox cycling of quinones to produce ROS). NADH- and 
NADPH-dependent DTD activities were measured by the method of Emster (1987). DTD 
and other flavoprotein reductases reduce dichlorophenolindophenol (DCPIP), but only 
DTD is inhibited by dicumarol (systematic name: 3 ,3 '-methylene-bis-[4-hydroxy- 
coumarin]). To obtain the DTD-specific activity in DCPIP reduction, the assay was 
carried out in the presence or absence of dicumarol and the difference in absorbance due 
to DCPIP was measured spectrophotometrically at 600 nm. Assay conditions: 50 mM 
Tris-HCl buffer pH 7.6, 40 ^M DCPIP, 0.1 mM dicumarol in 0.15 % NaOH or 0.15 % 
NaOH alone. The reaction was started by the addition of 300 jiM NADH or NADPH to 
obtain the chemical rate, followed by adding 50 |il sample (0.05 to 0.5 mg protein per 
cuvette); the final reaction volume was 1ml. The reaction was followed for 1 min.
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2 . 8 . 3 . 5  Benzo[a]pyrene hydroxylase (BPH) activity
In this assay, benzo[a]pyrene (BaP) is used as a substrate for studying cytochrome P450 
catalysed mixed-function oxygenase (MFO) activity. This activity is therefore referred to 
as B[a]P hydroxylase (BPH) or aryl hydrocarbon hydroxylase (AHH). BPH activity was 
measured by the method of Dehnen et al. (1973) by the increase of fluorescence due to 
the formation of 3-hydroxy-benzo[a]pyrene:
B[a]P +NADPH+ H'^  + 0 2  ----------------------> 3-hydroxy B[a]P + NADP^ 4-H 2 O
 MFO
Samples were incubated with B[a]P and triethanolamine for 15 min and the reaction 
stopped with ice-cold acetone. The samples were centrifuged at 3000 rpm for 10 min, the 
supernatant removed and mixed with 8 % triethylamine, and centrifuged again. 
Fluorescence was read against a standard (quinine sulfate) and a control (same as above, 
but acetone added immediately). Assay conditions: 50 mM tiiethanolamine-HCl pH 7.25, 
0.2 mM NADPH, 60 mM BaP, 0.1 ml sample (0.1 to 1 mg protein per tube) in a final 
reaction volume of 1 ml.
2 .8 .3 .6  1-Ethoxyresorufin O-deethylase (EROD) activity
EROD activity was assayed according to the direct fluorometric method of Burke & 
Mayer (1974) using 7-ethoxyresorufin (7-ER) as the substrate. The reaction mixture 
contained 0.25 mM NADPH and 4.15 mM 7-ER in 66 mM Na2 (K2 )HP 0 4 /KH 2 P0 4  
buffer, pH 7.4. Duplicates of 100 |il sample aliquots were pipetted into test tubes and 
equilibrated at 30°C for 5 min in a shaking water bath. Reaction mixture (0.9 ml) was 
added to each tube and the mixtures incubated at 30°C for 30 min. The reaction was 
stopped with 2 ml ice-cold acetone. Controls (containing sample buffer) were treated the 
same way except that acetone was added immediately. The tubes were then centrifuged at 
2000 rpm for 10 min. Fluorescence was read at 537 nm and 583 nm for emission and
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excitation, respectively, against a curve of resorufin standards (0.165 |iM, 0.33 |iM, 1 
|iM and 100 |iM).
2 .8 .3 .7  Acetylcholine esterase (AChE) (EC 3.1.1.7)
AChE activity was determined according to a modification of the colorimetric method by 
Ellman et al. (1961). The substrate acetylthiocholine is hydrolyzed by AChE to acetate 
and thiocholine. This reaction is made visible by the addition of 5,5’-dithio-bis(2- 
nitrobenzoate) (DTNB) which is cleaved into 5-mercapto-2-nitrobenzoate and thiocholine, 
turning the reaction volume yellow. The colour development was measured for 1 min 
spectrophotometrically at 405 nm on a UVIKON 941 Plus dual-beam spectrophotometer. 
Assay conditions were 70 mM Tris-HCl pH 8 ), 0.1 mM DTNB and 100 |il sample (0.1 
to 1 mg protein per cuvette) or sample buffer; this mixture was incubated at 25°C for 5 
min before the reaction was started by addition of 0.1 mM acetyltiocholine iodide (final 
reaction volume: 1 ml).
2 .8 .3 .8  Carboxyl esterase (CbE) (EC 3.1.1.1)
CbE activity was measured by the UV method of Mastropaolo & Youmo (1981) in which 
CbE cleaves a-naphthyl actetate (a-NA) to naphthol and acetate. The formation of 
naphthol is monitored by an increase in absorbance at 235 nm using quartz cuvettes. 
Aliquots of 98.5 mM Tris-HCl buffer pH 8  were mixed with 0.25 mM a-NA. The 
reaction was started with 30 |xl sample (10-50 |Lig protein per cuvette) or sample buffer 
and the change in absorbance monitored for 1 min. Final reaction volume was 3 ml.
2.9  Detection of CYPlA-like proteins and heat-shock proteins (hsp) in 
mussel digestive gland cell cultures
This work was carried out under the tenure of an EU-TMR grant to allow access to the 
Large Scale Facility at the High Technology Center (HIB), University of Bergen,
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Norway. Cell culture facilities for invertebrate cell cultures were set up with equipment 
brought from Plymouth. The expression of CYPlA-like protein and HSPs were 
examined by one- and two-dimensional gel electrophoresis and Western blotting using 
protocols established in Dr Anders Gokspyr’s Marine Molecular Laboratory at the HIB, 
Bergen.
2.9 .1  Non-sterile preparation of isolated digestive gland cells
Cells which were needed for immediate use were prepared in a thermoregulated room at 
6 °C. M. edulis digestive glands were dissociated as described in section 2.4. with the 
exception that tissue was incubated in 0.05 % trypsin/CMFS overnight at 6 °C because the 
dissociaton in CMFS alone did not yield sufficient material. The next day, the trypsin 
solution was replaced by fresh CMFS and the tissue was dissociated for 2 hours as 
described in section 2.4. The cell suspension was centrifuged as previously described, 
and the pellets resuspended in 0.1 M Na2HP0 4 /NaH2P0 4 , 1 mM EDTA, 1 mM DTT, 20 
% glycerol, pH 7.6). The cells were then sonicated and centrifuged at 12,000 g for 30 
min in an eppendorf centrifuge. After protein determination, the samples were stored in 
-80°C until required.
2 .9 .2  Sterile preparation and culture conditions of digestive gland 
cells
Digestive gland cells used for radiolabelling and BaP exposure were prepared under 
sterile conditions. No sterile hood was available at the temperature required (i.e. below 
15°C) therefore the cell cultures were prepared on ice in a laminar flow hood at room 
temperature. Cell suspensions were prepared as above and the pellets were resuspended 
in supplemented Leibovitz L-15 medium (as described in section 2.4.4) and incubated in 
sterile eppendorf tubes at 15“C for 24 hours on a shaker.
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2 .9 .3  Radiolabelling of cells for two-dimensional gel 
electrophoresis
Freshly isolated mussel digestive gland cells (concentration: approx. 7.5 x 10  ^cells/ml L- 
15 medium) were incubated with 200 pCi/ml of the isotope PRO-MIX™ L-[^^S] in vitro 
cell labelling mix containing 70% L-[^^S] methionine and 30% L-[^^S] cysteine (stock:
14.3 Ci/ml). Cells were incubated in eppendorf tubes at 15°C on a shaker. After 24 
hours, the viability was checked and the cells were washed by spinning them down in an 
eppendorf centrifuge at 300 g for 1 min, resuspended in 0.1 M Na2HP0 4 /NaH2P0 4 , 1 
mM EDTA, 1 mM DTT, 20 % glycerol, pH 7.6 and spun down again. The cells were 
sonicated, centrifuged at 12,000g for 30min and the supernatant frozen at -80°C until 
required.
2.9 .4  Benzo[a]pyrene exposure of cells
Freshly isolated mussel digestive gland cells (concentration: approx. 7 x 10  ^cells/ml L-15 
medium) were incubated with 0, 50, 100 and 200 fiM BaP (solvent: DMSO; final 
concentration was 1 % DMSO in 50 and 100 pM BaP, and 2 % DMSO in 200 pM BaP). 
Cells were incubated in eppendorf tubes (wrapped in alufoil) at 15°C on a shaker. ATter 
24 hours, the viability was checked and the cells were washed by spinning them down in 
an eppendorf centrifuge at 300 g for 1 min, resuspended in 0.1 M Na2HP0 4 /NaH2P0 4 , 1 
mM EDTA, 1 mM DTT, 20 % glycerol, pH 7.6 and spun down again. The cells were 
sonicated, centrifuged at 12,000g for 30min and the supernatant frozen at -80°C until 
required.
2 .9 .5  Bradford protein assay
This protein assay is a rapid and sensitive microplate method for the quantitation of 
microgram quantities of protein, utilizing the principle of protein-dye binding (Bradford 
1976). The binding of Coomassie blue dye to protein in acidic solution causes a shift in
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of the dye from 465 nm to 595 nm. The absorption at 595 nm is directly related to 
the concentration of protein. The calibration curve was prepared using nine concentrations 
of bovine serum albumin (stock 10 mg/ml) as the standard. The samples were usually 
diluted 200 times and 4-8 replicates per sample were applied to the wells of ELISA 
microtiter plates. Assay controls of a known protein concentration were regularly 
included in the determinations. Commassie Blue solution (80 mg Commassie Serva 
BlueG and 100 ml ethanol in 11 of deionized water) was mixed with an equal volume of 
17 % phosphoric acid and the mixture applied to standards, samples and assay controls. 
The absorbance was read at 595 nm on a Titer Tec Multiscan MK2 spectrophotometer.
2.9 .6  Immunodetection of cytochrome P450 and hsps by Western 
blot analysis
Western blotting combines gel electrophoresis with the specificity of immunological 
detection. Denatured proteins are separated by SDS (sodium dodecyl sulfate) PAGE-gel 
electrophoresis and transferred to a membrane support. After blocking for non-specific 
sites, specific primary antibodies will bind to the antigen and the protein can be detected. 
The immunocomplex formed is a target for labelled secondary antibodies conjugated with 
an enzyme, radioactivity or a fluorescent group. Samples analyzed by Western blotting 
consisted of S12 supernatants of mussel digestive gland cells as described in section
2.9.1 and 2.9.2.
2.9.6 .1  SDS polyacrylamide gel electrophoresis (SDS- 
PAGE)
SDS-PAGE was performed using a discontinuous buffer system with 4 % acrylamide 
stacking gel and 9 % acrylamide in the separating gel (Laemmli 1970). Gels were made 
up as follows:
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9 % separating gel 4 % stacking gel
distilled water 4.35 ml 3.1 ml
1.5 M Tris-HCl pH 8 . 8 2.5 ml 0  ml
0.5 M Tris-HCl pH 8 . 8 0  ml 1.25 ml
10 % SDS lOO^ il 50^1
30 % acrylamide 3.0 ml 650)11
10 % APS (ammoniumperoxodisulfat) 50^ 11 25^ 11
TEMED (N,N,N’ ,N’-tetramethylenediamine) 5ltl 5|xl
Whilst the gels were left to polymerize for 30 min, the samples were prepared. A sample 
volume corresponding to 400 |ig protein (usually between 50 - 75 |il S12) was mixed 
with 25 |il boiling mixture (25 ml deionized water, 6.25 ml 0.5 M Tris-HCl pH 6 .8 ,5  ml 
glycerol, 10 ml 10% SDS, 2.5 ml 2-8-mercaptoethanol, 1.25 ml 0.05 % (w/v) 
bromophenol blue) and distilled water to 100 |il final volume and boiled for 3 min at 
95°C. The tubes were then centrifuged at approx. 500 g for 30 seconds. Aliquots of 10- 
25 |il boiled sample (corresponding to 40 |ig protein) were loaded into each well, 
alongside prestained molecular weight standards (5 |il; BioRad), a positive control (5 fil; 
B-naphthoflavone-induced cod, Gadus inorhua, microsomes) and a negative control (5 |il; 
non-induced cod microsomes). The electrophoresis was carried out in a standard vertical 
gel apparatus and started by adjusting the power supply to 200 V and 135 mA. 
Electrophoresis was allowed to proceed for 40-45 min or until the blue front was near the 
bottom of the gel. The gels were then transfened to nitrocellulose for Western blotting.
2 .9 .6 .2  Western blot analysis
Western blotting was performed using SDS-PAGE and electrophoretic transfer onto a 
nitrocellulose membrane (0.45 mm, BioRad) (Towbin etal. 1979). After electrophoresis, 
gels were removed from the earner, the stacking gel cut and discarded, and the gels were 
placed into blotting buffer (3.03 g Tris, 14.4 g glycine and 200 ml methanol in 1 1
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deionized water) for 10 min for equilibration. The gel was then packed into a sandwich 
system (using 2 sponges and 4 filter papers) with close contact to the nitrocellulose 
membrane inside a blotting cassette submerged in blotting solution. The cassettes were 
then placed into the blotting cell inside the container, a frozen cooler and a small magnetic 
stirrer was put in place, and blotting was started under slow stirring and by adjusting the 
voltage to 100 V and 400 mV. After 1 hour transfer, the membranes were taken out and 
placed into TTBS (= Tris buffered saline-Tween-20) buffer (4.84 g Tris, 58.48 g NaCl, 
0.05 % Tween-20 in 2 1 deionized water, pH 7.5) for 10 min for equilibration. TTBS 
buffer was then replaced by blocking buffer (TTBS with 3 % gelatine) for 30 min to 
block sites on the membrane not occupied by sample protein. The blocking buffer was 
discarded and the membranes washed twice in TTBS for 5 min. Probing was performed 
with polyclonal rabbit anti-cod CYPIA antiserum (1:2000; Biosense), polyclonal rabbit 
anti-fish CYPIA peptide BN-1 (1:300; Biosense) against synthetic peptides 
corresponding to conserved sequences in six different fish, monoclonal mouse anti-cod 
CYPIA NP-7 (1:1000; Biosense) and monoclonal mouse anti-human HSP70 IgG 
(1:4500; SPA-820, StressGen Biotechnology) cross-reacting to both the constitutive and 
inducible form of HSP70. Primary antibodies were diluted in TTBS with 3 % gelatine, 
added to the tray containing the nitrocellulose membrane and left to incubate overnight at 
room temperature. The next day the membrane was washed twice in TTBS for 10 min. 
Horseradish peroxidase (HRP) labelled secondary antibody (goat anti-rabbit IgG (H+L)- 
HRP conjugate or goat anti-mouse IgG (H+L)-HRP conjugate (both 1:3000; BioRad)) 
was diluted in TTBS with 1% gelatine and added to the membrane for 1 hour at room 
temperature. After the incubation, the membrane was washed twice in TTBS for 5 min 
and once with deionized water. For visualization of Western blots we first used HRP 
Colour Reagent solution (solution A. dissolve one 4-chloro-1 -naphthol tablet in 10ml 
methanol; solution B. dilute 30 |il 30 % H2 O2 in 50 ml TBS; mix A. and B. and use 
immediately) for direct viewing of the blots but found the response too weak. We 
therefore switched to the ECL (enhanced chemiluminiscence) kit from Amersham.
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2 . 9 . 6 . 3  ECL visualization of Western blots
Visual detection of Western blots with the ECL kit (Amersham) utilizes the horseradish 
peroxidase bound to the secondary antibody to catalyze the oxidation of luminol in the 
presence of H2 O2 and an enhancer (phenolic compounds). The oxidized state of luminol 
subsequently decays and emits light which can be captured on film. Equal volumes of the 
ECL detection reagents 1 and 2 were mixed (total: 3 ml) and immediately applied to the 
nitrocellulose membrane for exactly 1 min. The membrane was then removed from the 
solution, wrapped into cling foil and placed into a light-excluding film cassette. Kodak 
BioMax film was used for exposure to the membranes; exposure times varied between 30 
sec and 3 min, depending on the signal emitted from the membrane. The films were 
developed in an automatic film processor.
2.9.7  Two-dimensional gel electrophoresis
Two-dimensional gel electrophoresis combines two different one-dimensional 
electrophoretic procedures to separate complex samples (i.e. from whole cells) containing 
thousands of proteins and to resolve proteins with similar physico-chemical properties. 
Sensitive detection of these proteins can be achieved by radiolabelling and 
autoradiography. In this study, the coupling of Isoelectric Focusing (lEF) with SDS- 
PAGE in the second dimension was used to separate proteins from ^^S-radiolabelled 
digestive gland cells from two field populations of mussels. The 2-D separation was 
carried out using the Pharmacia Multiphor electrophoresis system according to 
procedures largely based on the work by G_rg et al. (1988).
2.9.7 .1  Sample treatment
Aliquots of 6-9 |il S12 supernatants from radiolabelled cells (see section 2.9.3) were 
lysed in 52 |il lysis buffer (27 g urea, 1 ml Triton X-100, 1 ml 2-mercaptoethanol, 1 ml 
ampholine (pH 3.5-10), made up to 50 ml with distilled water), made up to 100 )il with
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sample buffer (24 g urea, 1 ml 2-mercaptoethanol, 1 ml ampholine (pH 3.5-10), 0.25 ml 
Triton X-100 and a few grains of bromophenol blue, made up to 50 ml with distilled 
water) to give a protein concentration of 50 |ig per 100 |il. The samples were lysed just 
prior to the start of lEF.
2 .9 .7 .2  First dimension - isoelectric focusing  (lEF)
The first dimension of 2-D gel electrophoresis separates the proteins according to their 
charge properties (pi, isoelectric point). Frozen pre-cut Immobilized pH Gradient Gels 
(IPG - Immobiline Dry Strips; Pharmacia, Uppsala, Sweden) cast to plastic backings 
(GelBond PAGfilm) with linear gradient of pH 4 to 7, were rehydrated with rehydration 
solution (12 g urea, 37.5 mg DTT, 125 \il Triton X-100, 50 |xl IM acetic acid, a few 
grains of Orange G; made up to 25 ml with deionized water) overnight inside a vertical 
Reswelling cassette. After the IPG strips had been rehydrated to their original thickness, 
they were placed onto a Multiphor II horizontal fiat-bed cooling plate (15°C) inside a strip 
aligner tray and covered with paraffin oil. Samples (100 |il per strip) were applied into 
sample cups placed onto the gel surface of the strips. The running conditions for IPG-IEF 
were as follows: phase 1 and 2 - 300 V, 1 mA, 5 W for 6  and 5 hours, and phase 3 - 
3500 V, 1 mA, 5 W for 5.5 hours (total running time: 16.5 hours). After lEF, the IPG 
gel strips were stored at -80°C until required for the second dimension.
2 .9 .7 .3  Second dimension - horizontal SDS gel 
electrophoresis
The second dimension of 2-D gel electrophoresis was performed using ultrathin (0.5 mm) 
precast polyacrylamide gradient gels (ExcelGel SDS, Pharmacia LKB). A stacking zone 
on the cathodic side of the gels merges continuously into a linear separation zone with an 
8-18 % polyacrylamide gradient. The gel is cast on a plastic film support and can resolve 
polypeptides in the range of 14-170 kDa. Before starting electrophoresis, the IPG gel 
strips were equilibrated inside a glass tube in 10 ml equilibration solution A (4 ml tris-
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HCl pH 6 .8 , 14.4 g urea, 12 ml glycerol, 0.4 g SDS and 100 mg DTT, made up to 40 ml 
with distilled water) for 10 min on a shaker. Solution A was replaced by equilibration 
solution B (as for A, but instead of DTT with 1.8 g iodacetamid and a few grains of 
bromophenol blue) for a further 10 min on a shaker. After equilibration, the IPG gel 
strips were ready to be placed onto the SDS gels. The Multiphor II unit was prepared for 
electrophoresis with precast gels, and anodic and cathodic buffer strips (ExcelGel SDS, 
Pharmacia LKB) put in place. Two IPG gel strips with the gel side facing down were 
aligned in front of the cathodic buffer strip. Sample application pieces were placed at each 
end of the IPG gel strips. A radioactive molecular weight standard (2-3 |il) was 
carefully pipetted onto a sample application piece placed between the two IPG gel strips 
and run simultaneously with the samples. The thermostatic circulator was set at 15°C and 
the electrophoresis started under the following running conditions: step 1 - 600 V, 20 
mA, 30 W, for 25-30 min; step 2 - 600 V, 50 mA, 30 W, for 3-5 min; step 3 - 600 V, 50 
mA, 30 W, for 70 min. During step 1, the bromophenol blue front starts migrating 
towards the anodic end; when it had moved 1-2 mm off the IPG gel strips, the strips and 
the sample application pieces were removed. When the front had moved another 2 mm, 
the position of the buffer strip and the cathotic electrode were adjusted to cover the area of 
the removed gel strip. Electrophoresis was stopped when the bromophenol blue front had 
moved into the anodic buffer strip. The gels were then visualized with silver staining, 
then treated with DMSO/2,5-diphenyloxazole (PPG) for enhanced fluorography, dried 
and visualized on autoradiography films.
2 .9 .7 .4  Silver staining of gels for visualization of total 
proteins
Silver staining of proteins was performed according to Heukeshoven & Demick (1986), 
with some modifications. All steps were carried out with gentle shaking of the tray in a 
fume cupboard. Per gel 125 ml of each solution were needed. The conditions for this 
staining procedure are listed below:
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Procedure:
Fixation (30 min) 
Incubation (overnight)
Wash (3 X 5 min)
Silver staining (40 min)
Development (15 min)
Termination (2 x 10 min) 
Wash (3 x 5  min)
Conditions:
400 ml ethanol and 100 ml acetic acid in 11 distilled water 
75 ml ethanol, 17 g sodium acetate, 1.3 ml glutardialdehyde 
(25% w/v) and 0.5 g sodium thiosulfate, in 250 ml distilled 
water
distilled water
0.25 g silver nitrate and 50 |il formaldehyde (37%) in 250 ml 
distilled water
6.25 g sodium carbonate and 25 jil formaldehyde in 250 ml 
distilled water
3.65 g EDTA-Naz in 250 ml distilled water 
distilled water
2 .9 .7 .5  DMSO/PPO treatment fo r  enhanced fluorography
This fluorographic method was developed to detect weak 6 -emitters such as ^^S in 
polyacrylamide gels (Bonner & Laskey 1974). The silver-stained gel is impregnated with 
a scintillant, 2.5-diphenyloxazole (PPO), so that low-energy 6 -particles which can not 
penetrate through the gel, can excite tlie fluor molecules to emit photons. This can then be 
captured on X-ray film. As PPO is unsoluble in water, DMSO is used to replace the water 
in the gel and as a solvent for PPO. All steps were carried out in a closed container with 
gentle shaking in a fume cupboard. Volumes of 150 ml were needed per gel.
Procedures
Dehydration step 1 (15 min) 
Dehydration step 2 (15 min) 
Dehydration step 3(15 min) 
Impregnation (90 min) 
Wash
Conditions
DMSO
DMSO
DMSO
176 g PPO in 800 ml DMSO 
distilled water 
66
The DMSO used in the dehydration steps 2 and 3 was re-used for step 1 and step 2 of the 
next gel, but the DMSO used for step 3 should always be fresh. The DMSO/PPO solution 
is also re-usable provided that 100 g PPO per 2.5 1 are added. Washing the PPO- 
impregnated gel with water leads to precipitation of PPO which is visible by the formation 
of white flocks. This however does not reduce the fluorographic efficiency.
2 9 .7 .6  Gel cutting, drying and autoradiography
Before drying the gel and autoradiography, the plastic support was removed. The gel was 
placed over a support with a rounded surface and a thin wire was placed between the gel 
and its support. The wire was put under tension and carefully moved along the length of 
the gel until the gel was completely detached from its plastic support. The gel was then 
placed and layered out onto 2  sheets of wetted filter paper, covered with a foil and further 
filter papers and dried for 90 min at 60°C inside an automatic gel dryer. The dried gel was 
then placed inside a film cassette, covered with Kodak BioMax autoradiography film and 
fluorographic exposure was carried out for 2-3 days at -80°C. The exposure at low 
temperature results in increased detection sensitivity.
2 .9 .8  Analysis of gels and autoradiographs
One-dimensional and two-dimensional gels and autoradiographs were scanned and 
analysed with the software package “Molecular Analyst”. Apparent molecular weights 
were determined from pre-stained molecular weight standards. The pi of proteins was 
determined using the carbamylate calibration kit purchased from Pharmacia LKB.
2.10  The alkaline single cell gel electrophoresis (‘comet’) assay
This work was carried out in collaboration with Dr Carys Mitchelmore, University of 
Birmingham. The majority of the work, not reported in detail here, is given in the
67
Appendix in the form of published or in press papers. Aspects reported here were 
relevant for the development of the primary cell culture of M. edulis digestive gland.
2 .10 .1  Treatment of cells
Freshly isolated mussel digestive gland cells (concentration: 2-3 million cells per ml 
physiological saline, 1 ml final volume) were incubated in triplicate with different 
concentrations of trypsin for 1 hour at 15°C. A small volume of each incubation (10 jil) 
were used for the assay described in the 2.10.2. The rest was used to check cell viability 
by eosin Y exclusion.
2 .1 0 .2  Alkaline single gel electrophoresis
The procedure used was modified from Singh et al (1991). Fully frosted microscope 
slides were coated with 200 jil of 0.5 % normal melting point agarose (NMA) in calcium 
and magnesium-free phosphate buffered saline (PBS) and covered with a coverslip. 
Slides were stored at 4°C in a dark, humid box until use (within 24 hours). After 
incubation, 10 |il of cell suspension was added to 80 |il of 0.5 % low melting point 
agarose (LMPA, at 35°C) in physiological saline and layered over the NMA layer. After 
agarose polymerisation (5 min on metal tray over ice), a final layer of 80 |il of LMPA in 
PBS was added. Following agarose solidification, the coverslips were removed and 
slides lowered into cold (4°C) freshly made lysing solution (10 % DMSO, 1 % Triton X- 
100, 2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1 % sodium sarcosinate, pH 10) for at 
least 1 hour at 4°C. Slides were rinsed in distilled water and placed on a horizontal gel 
electrophoresis tray (Pharmacia, GNA200) and covered with freshly made 
electrophoresis buffer (0.075 M NaOH, 1 mM EDTA) for 20 min to allow the DNA to 
unwind. Electrophoresis was carried out at 25 V, 300 mA for 10 min. Slides were 
removed and placed on a staining tray and covered with neutralising solution (0.4 M Tris, 
pH 7.5) for 5 min and repeated 3 times. Slides were drained and 50 fxl of filtered (0.2
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|iM) ethidium bromide (20 |ig/ml) added with a coverslip overlaid. Slides were placed in 
a humid dark box at 4°C until analysis (within 48 hours).
2 .1 0 .3  Analysis of nuclear DNA release (“comets”)
The analysis of DNA release as indicated by the presence of fluorescent traces or 
“comets” was examined in cells using a Zeiss axiovert fluorescent microscope (x 200 
magnification). Cells were analysed and scored using an image analysis software package 
(Kinetic Imaging Ltd., Liverpool, UK). All slides were coded and the whole slide 
randomly scanned, with 50 cells per slide quantified. Results were expressed as means ± 
standard error of the mean (SEM) (n=3 experiments) in terms of the percentage of DNA 
migrated into the comet tail region (tail% DNA) (Anderson et al. 1994a). Information on 
tail length and tail moment was also gained for comparison.
2.11 Cell metabolism of fenitrothion
This study was carried out under the tenure of a British Council Accion Integrada grant 
for a collaborative project between CID, CSIC, Barcelona, Spain and Plymouth Marine 
Laboratory, UK. The aim was to develop a primary cell culture of crayfish P. clarkii 
hepatopancreas (see section 2 .6 ) and to examine in vitro enzyme effects (see section 2 .8 ) 
and metabolism of the organophosphate pesticide fenitrothion (work carried out in 
Barcelona). In addition, we investigated the effects of fenitrothion in mussel M. edulis 
digestive gland and gill cell cultures (see section 2.5) (work carried out in Plymouth).
2 .11 .1  Treatment of cells
Glassware used for the metabolism studies was washed thoroughly and heated to 400°C 
overnight to remove all chemical traces. Freshly isolated P. clarkii hepatopancreas cells 
(concentration 4-5 x 10  ^cells/ml physiological saline, total volume per incubation was 2 
ml) were incubated for up to 12 hours at 20°C in a shaking water bath. Both live and
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control (killed) cells were incubated in triplicates with 5 jiM fenitrothion (fenitrothion 
stock: 10 mM in ethanol, final concentration of vehicle solvent in cell suspension 0.05 %) 
but control cells were killed by addition of 2  ml ethylacetate at time zero and left for 1 2  
hours. Additional incubations contained 100 jiM a-naphthoflavone and 100 |iM 
methimazole. For induction studies, hepatopancreas cells were incubated for 12 h with 
100 |iM 6 -naphthoflavone, cells were washed (by centrifugation) and subsequently 
incubated for 4 h with 5 p.M fenitrothion. Freshly isolated M. edulis digestive gland cells 
(concentration 1 x 10  ^cells/ml physiological saline, total volume per incubation was 4 ml) 
were incubated for up to 12 hours in 5 fxM fenitrothion (with or without inhibitors).
2 .1 1 .2  Extraction of parent compound and metabolites
After incubation, the cells were killed by adding 2 ml of ethylacetate which lyses the cells 
and divides the water phase (containing phase 11 metabolites) from the organic phase 
(containing parent compound and phase 1 metabolites) in the presence of 200 |il HCl per 
tube. After centrifugation of the sample at 2000 rpm for 10 min, the organic phase was 
taken off with a glass pasteur pipette and the solvent extract evaporated under a constant, 
low flow of nitrogen to near dryness. Extraction of the remaining sample was continued 
2-3 times by adding 2 ml ethylacetate with subsequent centrifugation and removal of the 
organic phase. Evaporated samples were stored at -80°C until required.
2 .11 .3  Analysis of fenitrothion metabolites by gas chromatography
The chemical analysis was performed as described in Escartin & Porte (1996). The 
evaporated samples were dissolved in 0.5 ml cyclohexane and injected into a Carlo Erba 
Model 5300 gas chromatograph (GC) equipped with a nitrogen phosphorous detector 
(NPD) at 300°C. A DB-17 (30 m x 0.25 mm internal dimension) 
phenylcyanopropylmethyl fused-silica capillary column (J & W Scientific, Folsom, CA, 
U.S.) was programmed from 70 to 280°C at 6 °C/min holding the final temperature for 15
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min. The carrier gas was hydrogen at a linear flow rate of 50 cm/s. The injector 
temperature was 280°C.
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CHAPTER 3.
BASIC CELL CHARACTERISTICS OF FRESHLY ISOLATED MUSSEL
DIGESTIVE GLAND CELLS
3 .1  Introduction
This chapter describes the initial phases of developing a primary cell culture from M. edulis 
digestive gland. Some of the methods were based on a protocol developed for isolating 
adipogranular cells from Mytilus edulis mantle (Peek & Gabbott 1989) and adapted to 
digestive gland cells (Lowe & Pipe 1994). In both of these two studies, cultures were not 
kept for any length of time but were used almost immediately. The present study aimed to 
prepare a viable mixed cell population containing, if possible, all cell types for direct in 
vivo comparison and did not attempt to separate the cell types for a single cell-type culture. 
The need for maximum cell yield and viability necessitated the re-evaluation and further 
adaptation of the existing protocol to include additional factors such as handling of the 
animals, controlling contamination and parasite infestation, dissociation temperature and 
protease concentration, centrifugation speed and type of centrifuge tubes. Attachment 
factors were studied to decide whether the cells are best kept as a monolayer or in 
suspension culture, and cryopreservation of cells for future studies or when animals were 
not available was examined. Finally, the toxicological potential of isolated cells was 
determined in terms of biotransformation and antioxidant enzyme activities and compared to 
whole tissue. Studies on culture media and supplements, viability and ultrastructural 
characteristics of cells maintained in culture for a longer period are dealt with in chapter 4.
3 .2  Effect of dissociation procedures on cell yield and viability
The isolation of cells for culture purposes can be achieved by either dissociating a tissue 
sample mechanically and/or enzymically or by placing tissue pieces into culture medium
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and allowing cells to migrate out (explant cultures) (Freshney 1994). Dissociation of 
tissues can yield a large number of isolated cells in a few hours or overnight and most cell 
types present in the tissue will, theoretically, also be present in the culture. Explant 
cultures are a more gentle way of procuring single viable cells but favours cells which are 
capable of rapid migration from the tissue (e.g. fibroblasts). The number of isolated cells 
obtained depends not only on how quickly the cells are able to migrate into the area 
surrounding the explant but also whether the cells are able to proliferate. For certain 
assays, a lot of material is needed in order to prepare supernatant or microsomal fractions. 
Therefore, if the cells do not readily grow in vitro, mechanical and/or enzymical 
dissociation is necessary in order to obtain sufficient material for enzyme studies.
Explant cultures of digestive gland were attempted but no cells other than hemocytes were 
seen to actively migrate out and to attach to the surface of the culture flasks. We therefore 
prepared cultures by cell dissociation. Dissociation of mussel digestive glands was 
undertaken in trypsinizing flasks under slow stirring on a biological stirrer (Stuart Ltd.) in 
the presence or absence of different concentrations of trypsin/CMFS. Trypsin was chosen 
because it is a commonly used proteolytic enzyme for the initiation of primary cell cultures 
and had been used in previous digestive gland in vitro studies (Lowe & Pipe 1994). In a 
preliminary experiment, collagenase was used as well but was found to be less effective 
than trypsin (cell yield approximately one fourth of that for trypsin). The dissociation with 
trypsin resulted in a mixed cell suspension containing at least 5-6 different cell types. Cells 
were studied using a compound microscope (40x magnification) and were found to be 
composed of large digestive cells (10-30 |im diameter) which contained lysosomes and 
were distinct in colour and size. Other cell types were more difficult to identify and were 
assembled under the term “small cell types” ranging from 5-20 |im in diameter and 
probably including basophilic cells, flagellated or ciliated epithelial cells, circulating blood 
cells and crypt cells. Depending on the reproductive season, mature oocytes (40-100 |im) 
and spermatozoa ( 2  |im) were found in the cell suspension but were not included in the cell 
counts. The best yield in both small cell types and digestive cells was obtained by leaving 
the tissue in 0.10 % trypsin overnight at 4°C, and dissociating it the next day at 15°C for 1
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hour (Figure 3.1). This method is called cold trypsination and is used commonly in 
mammalian cell cultures to ensure that damage due to enzymic action is minimal (Freshney
1994). Tissue fragments were not completely dissociated after 1 hour dissociation but the 
yield of cells was improved by extending the dissociation time. To avoid deterioration of 
the dissociated cells, the suspension was removed every 30-60 min and replaced with fresh 
solution. Viable cells were obtained at a yield of approximately 50-60 million small cells 
and 5-6 million digestive cells per gram wet weight. Small cell types and digestive cells 
were routinely obtained with a viability of over 95% before centrifugation. Similar viability 
data was obtained when dissociating digestive gland cells in CMFS alone in the absence of 
trypsin. In CMFS, the cell yield was slightly lower but this could be improved by 
extending the dissociation time (data shown in next section). Following dissociation, cell 
suspensions were filtered through 100 jim and 40 |im cell strainers to remove cell clumps 
and oocytes. The filtered suspensions were subsequently washed and concentrated by 
centrifugation (see next section).
3 .3  Effect of centrifugal force on cell yield and viability
Because a mixed cell population was used in this study, it was important to determine 
which cell types were pelleted at which centrifugation speed in order to ensure that the 
pellet contained the same ratio of cell types as in the dissociated cell suspension. It was also 
noted that the size and form of centrifuge tubes mattered. First experiments had shown that 
centrifuging the cell suspension in 15 ml round or conical centrifuge tubes at 2 0 0  g ( 1 0 0 0  
rpm) for 10 min resulted in a more than 90 % loss of all cell types (Table 3.1) probably due 
to mechanical disrupture. By reducing the speed to 70 g (500 rpm), about 42 % of small 
cells and over 76 % of digestive cells were recovered in round tubes. However, in order to 
handle a larger cell suspension, the 15 ml centrifuge tubes were too small, and 50 ml 
Falcon tubes were used. Cells centrifuged in 50 ml Falcon tubes at 100 g (750 rpm) for 5 
min gave the best yield for viable digestive cells (81 %), but only 30 % of viable small cell 
types were pelleted at this speed (Figure 3.2 A). The rest remained in the supernatant
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Figure 3.1 A, B. Effect of trypsin concentration and dissociation temperature on the yield 
of viable M. edulis digestive gland cells.
Values are means ± SE (n = 3 pools, each pool contained 3 digestive glands).
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(Figure 3.2 B). Increasing the speed to 200 g increased the number of small cell types in 
the pellet, but disrupted digestive cells. Therefore, when using 50 ml tubes, cell 
suspensions were first centrifuged at 1 0 0  g and the pellet (containing digestive cells) was 
removed. The supernatant was centrifuged again at 200 g to spin down smaller cell types. 
This two-step centrifugation procedure routinely produced a mixed population of digestive 
gland cells at a yield of 29.1 ± 9.5 million cells and 37.8 ± 8.2 million cells per gram wet 
weight of tissue (n = 4-8) for tissue dissociation by respectively CMFS and CMFS 
containing 0.1 % trypsin. Both tissue dissociation procedures yielded digestive cells and 
smaller cell types in a ratio of about 1 to 10 and at a viability of over 90%. Cell yield and 
viability of M. edulis digestive gland cells obtained in this study were higher than in a 
previous study carried out by Lowe & Pipe (1994). These authors used Sigma T8642 
trypsin for the dissociation procedure which has a 1 0 -fold higher proteolytic activity and 
contains less chymotrypsin than Sigma T4799 trypsin (cell culture treated), the enzyme 
used in the present study. High concentrations of trypsin are known to cause damage to 
cells, and other enzymes such as chymotrypsin, which can be found as by-products of 
commercially available trypsin, may in fact help the dissociation process (Freshney 1994). 
In addition, the present study showed that a centrifugal force of 200 g (as used in previous 
studies) may damage the larger digestive cells, resulting in a loss of viable cells in the 
pellet. Mammalian cells are usually spun down at 80 to 100 g because higher gravity may 
cause damage or promotes agglutination of the pellet (Freshney 1994). The centrifugation 
step ensured removal of trypsin/CMFS and spermatozoa whilst concentrating the cells for 
resuspension in physiological saline or culture media.
3 .4  Effect of starvation on cell yield
When M. edulis were kept for a prolonged period (up to 13 days) in tanks (with daily 
change of water) without being fed, the digestive glands decreased in size and weight, and 
the yield of cells per gram wet weight also decreased. Figure 3.3 shows the yield of viable 
cells per gram tissue (wet weight) from M. edulis collected at the same day from the same 
location and starved for a number of days. These results are in agreement with in vivo
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Table 3.1. Yield of viable M. edulis digestive gland cells (as a percentage of cell number 
prior to centrifugation) after centrifugation at different centrifugal forces in different types 
of 15 ml centrifuge tubes.
Pelleted viable cells as a percentage 
of cells before centrifugation
centrifugal force and 
speed
type of tube small cell types digestive cells
2 0 0  g ( 1 0 0 0  rpm) 15 ml, round 6 . 2  % 1.3 %
2 0 0  g ( 1 0 0 0  rpm) 15 ml, conical 2 . 1  % 1.3 %
50 g (500 rpm) 15 ml, round 42.0 % 76.2%
50 g (500 rpm) 15 ml, conical 13.7 % 55.4 %
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Figure 3.2 A, B. Yield of viable M. edulis digestive gland cells (as a percentage of cell 
number prior to centrifugation) in the pellet and supernatant after centrifugation at different 
speed in 50 ml centrifuge tubes.
Values are means ± SE (n = 3 pools; each pool contained 3 digestive glands).
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studies on the effect of starvation on M. edulis digestive gland (Thompson et al. 1974). 
This study reported that in mussels starved for 4 weeks, the digestive gland decreased in 
size and weight, basophilic cells degenerated, and the cytoplasm of digestive cells was 
reduced in volume and density. Prolonged starvation of the snail Helix aspersa had a 
marked effect on cell numbers in the digestive gland and the number of digestive cells was 
significantly decreased (Porcel et al. 1996). In order to obtain a reproducible number of 
viable cells, mussels were henceforth dissected within 48 hours of collection.
3 .5  Contamination of mussels and cell suspensions
At the start of this study, mussels were kept in tanks connected to the recirculating sea 
water facility at the Marine Biological Association, Plymouth. During this time, cell 
cultures were frequently found to be contaminated by microorganisms, large ciliates or 
flagellates and, occasionally, by encysted metacercaria (larval life stage) of a digenean 
trematode, a common parasite of bivalves. Such contamination ceased once mussels were 
kept in filtered, sterile sea water (changed daily) containing 1 % gentamicin to clear gut 
contents. Tissue pieces were washed before dissociation. On rare occasions, cell cultures 
were found to be contaminated by fungi or bacteria and had to be discarded. A recurring 
problem in marine invertebrate cell cultures is the contamination of animals and subsequent 
contamination of cell cultures with bacteria, fungi and other microorganisms. Microbial 
contamination caused the loss of over 80 % of all primary cell cultures obtained by explant 
methods of cnidarian tissue (Frank et al. 1994). This author also observed that primary 
cells were quickly overgrown by cell aggregates developing a network of ectoplasmic 
filaments and identified them as thraustochytids, marine protosctists of the phylum 
Labirinthulomycota. Unusual bacterial contamination was also reported in attempts 
toestablish primary cell cultures of prawn Penaeus monodon (Fuerst et al. 1991). A dense 
layer of teardrop-shaped bacteria formed in hepatopancreas, heart and hemolymph cell 
cultures of this species. The contaminating bacteria resembled species of the Planctomyces- 
Pirellula group which are part of a phylogenetically distinct group of eubacteria lacking a
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Figure 3.3. Effect of starvation of M. edulis on the yield of dissociated viable mussel 
digestive gland cells. Values were each from n = 1 cell batch obtained from the digestive 
glands from one pool of mussels (each pool containing 7-9 mussels). The mussels had 
been collected from the same location on the same day and were starved in the laboratory 
for up to 1 1  days.
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peptidoglycan cell wall and showing resistance to antibiotics. Endogenous contamination of 
the tissue from which primary cell cultures are derived can be very persistant and difficult 
to overcome, especially if the microorganisms show antibiotic resistance. In these cases, 
the only solution is to discard the cultures and only to use non-contaminated, disease-free 
animals which are either used immediately for cell culture purposes or kept in filtered, 
sterile seawater under controlled laboratory conditions.
3 .6  Cell attachment
Attachment to a suitable substrate is regarded as essential for long-term cultivation and cell 
proliferation of many primary cell cultures and cell lines (Freshney 1994). The substrate 
layer can be made in-house with commercially available adhesion proteins which are diluted 
and spread onto the surface of a suitable culture flask where they will form an adhesive 
film. Under optimal conditions, cells will grow into a dense monolayer over the substrate. 
This culture technique is in contrast to suspension cultures where cells are being kept 
suspended in culture medium by constant agitation of the cultures. Substrate selection was 
studied with freshly dissociated digestive gland cells resuspended in L-15 culture medium. 
Cells were seeded onto surfaces coated with gelatin, collagen, fibronectin and poly-L- 
lysine in 24-well culture flasks, and the cultures scanned for attached cells for 24 hours.
Cells were observed to reaggregate into clusters of 20-30 cells in all flasks, but attached 
cells were only observed in flasks coated with collagen, fibronectin and poly-L-lysine 
(Table 3.2). Digestive gland cells other than haemocytes were only loosely attached, still 
rounded and showed no spreading. Similar results were obtained by Odintsova et al. 
(1994) who examined favourable substrata for digestive gland cell cultures of the scallop 
Patinopecten yessoensis. No attachment or spreading of cell cultures was observed with 
either substrate tested but RNA synthesis compared to control (uncoated flasks) increased 
slightly, 1.5 and 2.3-fold in flasks coated with poly-lysines and collagen, respectively 
(Odintsova et al. 1994). No increased RNA synthesis of scallop digestive gland cells was
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Table 3.2. Cell attachment. Behaviour of isolated M. edulis digestive gland cells in the 
absence or presence of various attachment factors.
Attachment factor Observations
Uncoated no attachment
0.1 % Gelatin no attachment
0.1 % Collagen attached haemocytes
0.1 % Fibronectin some loose attachment, but most cells in suspension
0.1 % Poly-L-lysine some loose attachment, but most cells in suspension
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observed in fibronectin or histone-coated flasks. The authors were more successful with 
M. edulis larval cells which showed a 40-fold increase in RNA synthesis on a collagen 
matrix. However, cells were still rounded and showed no apparent spreading of cellular 
projections except for the occasional occurrence of long thin processes which may in fact 
have been the hyphes of a fungal growth (G. Dorange, pers. com.). Because we could not 
find a suitable substrate, mussel digestive gland cells were kept as suspension cultures 
(agitated or non-agitated).
3 .7  Cryopreservation of isolated M. edulis cells
As mussels were only kept in the laboratory for a maximum of 48 hours and fresh mussels 
of an adequate size could only be collected at spring low tides (every 14 days), we tried to 
cryopreserve freshly dissociated digestive gland cells for future studies. The use of 
cryoprotectants, a slow cooling rate and liquid nitrogen (-196°C) allows for indefinite 
storage of primary cell cultures and cell lines (Freshney 1994). Glycerol and DMSO are the 
most commonly used cryoprotectants in cell preservation. During cooling, ice crystals form 
intracellularly, causing irreparable damage to membranes upon thawing leading to 
subsequent cell death. Addition of cryoprotectants depresses the temperature at which 
intracellular ice is formed and allows for more efficient water loss before freezing (Morris
1995). Another important factor is the cooling rate. Cells have to be cooled slowly, usually 
at a rate of -1°C per min, to allow time for intracellular water to escape. Program-controlled 
freezers with a three-step freezing program allow for individual cooling profiles to achieve 
maximum cell survival. Alternatively, thick polystyrene boxes or specially designed 
freezing containers (Mr Frosty) may serve the same purpose.
3 .7 .1  Toxicity of glycerol and DMSO
In order to evaluate the toxicity of cryoprotectants on M. edulis digestive gland cells prior 
to cryopreservation, freshly isolated cells were spun down, resuspended in physiological 
saline, counted, and transferred to precooled L-15 culture medium containing 10% PBS
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and 10% or 20% glycerol or DMSO. Cells were examined over 4 hours and their viability 
was determined by eosin Y dye exclusion (Figure 3.4).
The degree of effect on cell viability appeared to be dependent on i) the type of 
cryoprotectant, ii) the concentration of cryoprotectant and iii) on the type of cell. Glycerol 
and DMSO differed in their effect on cell viability. The least toxic of the two 
cryoprotectants was DMSO at 10 % with small cell types surviving at 80 % viability after 4 
hours. High concentrations of DMSO appeared to have a marked toxic effect, especially on 
digestive cells. Of these, none were viable after 4 hours in 20 % DMSO, but digestive cells 
in 10 % DMSO showed 30-40 % viability. The onset of toxicity was immediate, within 30 
minutes after bringing the cells into contact with the cryoprotectant, and remained constant 
afterwards. Digestive cells seemed to be far less tolerant to the presence of both glycerol 
and DMSO than smaller cell types. However, when discussing the decrease in viability it 
has to be taken into account that DMSO alters the configuration of the cell membrane, 
thereby possibly.facilitating the entrance of eosin Y, the dye used to determine whether 
cells were viable or not. To determine the true toxicity of the cryoprotectants, the cells 
should have been washed and resuspended in fresh culture medium in order to remove all 
traces of cryoprotectants prior to the dye exclusion test.
Total cell numbers decreased as well (data not shown) which suggests that cells either 
aggregated or may have burst due to changes in osmotic pressure or pH changes when cells 
were transferred to medium containing the cryoprotectant. In addition, cells in glycerol 
were seen to aggregate to small clumps, possibly due to the viscosity of glycerol at low 
temperatures. The cell clumps were not taken into account when counting the cells.
3.7.2 Viability of cryopreserved cells
After storage in liquid nitrogen overnight, cryopreserved cells were thawed to 15°C. The 
concentration of cryoprotectants was diluted by adding fresh culture medium to the samples 
before viable cells were counted.
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Figure 3.4 A, B. Toxicity test. Effect of various concentrations of the cryoprotectants 
glycerol and DMSO on the viability of isolated M. edulis digestive gland cells maintained at 
15°C for up to 4 hours. A, small cell types; B, digestive cells.
Values were from n = 1 cell batch obtained from the digestive glands of one pool of 
mussels.
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Figure 3.5 shows the results for cryopreserving digestive gland cells in 10 or 20 % 
glycerol or DMSO. The same pattern of differential viability observed in the toxicity test 
became apparent after cryopreservation. Smaller cell types showed higher tolerance to 
cryopreservation than the larger and more fragile digestive cells. Small cells types showed 
40-50 % viability in both glycerol or DMSO but digestive cells survived at only 10-16 %. 
No difference was apparent with regard to the type or concentration of cryoprotectant used.
The viabilities obtained in this experiment are in contrast to findings from a second 
experiment using 10 % and 20 % glycerol (Fig. 3.6). In this experiment much higher 
viabilities were observed for both smaller cell types (>80 %) and digestive cells (40-65 %). 
The two experiments differed in that in the second experiment the cryoprotectant was added 
to the medium after the cells were transfered; in addition, cells were frozen down to -70°C 
inside a polystyrene box prior to the liquid nitrogen storage which may have ensured a 
different freezing profile than the “Mr Frosty” container used in the earlier experiment. 
There is not much comparable data available in the literature as regards to cryopreservation 
of marine invertebrate cells other than spermatozoa. Cnidarian cells were cryopreserved in 
either 80% phosphate buffered saline (PBS), 2.5 % NaCl, 20 % DMSO or 80% L-15, 
10% heat-inactivated FBS (HIFBS), 10 % glycerol, and cell proliferation was observed 
within 7 days after thawing (Frank et al. 1994). Cryopreserved heart cells of marine 
bivalves survived best in medium containing 12% DMSO (80% viability) and 
cryopreservation seemed to select the more resistant strains of heart cells so that after 
thawing a healthier culture was obtained (G. Dorange, University of Brest, France, pers. 
comm.). A similar observation was made by McFadzen (pers. comm.) who successfully 
used cryopreserved larvae from Pacific oyster Crassostrea gigas and Manila clam Tapes 
philippinarum to study the effects on their survival along a pollution gradient in the German 
Bight; larvae were cryopreserved in a solution containing DMSO and trehalose (McFadzen 
1992).
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Figure 3.5. Cryopreservation with glycerol (A) and DMSO (B). Percentage of 
cryopreserved viable M. edulis digestive gland cells after freezing in a Mr Frosty container. 
Values are means ± SE (n = 3 replicates; each replicate was a subdivided cell batch derived 
from 8  digestive glands).
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Figure 3.6. Cryopreservation with glycerol. Percentage of cryopreserved viable M. edulis 
digestive gland cells after freezing in a polystyrene container.
Values are means ± SE (n = 3 replicates; each replicate was a subdivided cell batch derived 
from 8  digestive glands).
3 .8  Activities of biotransformation and antioxidant enzymes in isolated 
digestive gland cells
A range of enzyme activities relating to the biotransformation of xenobiotics were selected 
for toxicological assessment of the cell cultures. The enzyme activities were chosen based 
on the criteria of i) the different phases of biotransformation (i.e. phase I and II metabohsm 
- see Introduction), ii) protection against the production of ROS as a pollutant-mediated 
toxicity mechanism (Livingstone et al. 1990, 1994; Winston & Di Giulio 1991; Lemaire & 
Livingstone 1993), and iii) the practicability of being able to measure the selected enzyme 
activities based on the known activities of subcellular fractions of digestive gland of M. 
edulis (Livingstone etal. 1985,1989a, 1992). The activities selected were:
a) BaP hydroxylase as an example of phase I metabolism and a major activity of inducible 
cytochrome P4501A which is known to be important in the bioactivation of xenobiotics in 
aquatic vertebrates (Stegeman & Hahn 1994) and is indicated to be present in digestive 
gland of M. edulis and other molluscs (Wootton et al. 1995, 1996).
b) GST as an example of a phase II conjugase.
c) DTD as an example of both a phase II enzyme and an antioxidant enzyme.
d) SOD and catalase as examples of antioxidant enzymes whose activities compared to 
other antioxidant enzymes, such as glutathione peroxidase, are proportionally higher in 
invertebrates than vertebrates (Livingstone etal. 1992).
3 .8 .1  Enzyme activities of isolated cells compared to tissue
Both isolated cells and whole tissue homogenates were treated identically with respect to 
the final centrifugation step (to produce a 1 0 , 0 0 0  g supernatant containing cytosol and 
microsomes) in order to facilitate the comparison between the two biological preparations.
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Although this procedure has its limitations in that the cell culture mixture will likely not be 
entirely representative, either qualitatively or quantitatively, of whole tissue (in that cells 
can be lost during preparation), nevertheless comparing the activities per mg protein in the 
1 0 , 0 0 0  g supernatant will give a good indication of the effect of the cell isolation procedure 
on the different enzyme activities.
The results for the cell culture/tissue comparison are presented in Table 3.3. Isolated cell 
cultures were obtained with similar specific activities compared to whole tissue for SOD, 
catalase and NADH-dependent DTD, indicating that the dissociation procedure produced 
cells with relatively unchanged antioxidant enzyme function. Although there seemed to be 
only little difference between these three enzyme activities in tissue compared to cells, the 
ratios of their mean values for the former compared to the latter were similar (i.e. 1 . 2  to 
1.5), which presumably may be due to a general decline in enzyme activity, or simply a 
change in cell composition of the culture compared to the tissue. In contrast to these results, 
there was a 2.6 to 3.1-fold reduction in specific activities of NADPH-dependent DTD and 
GST in cells compared to whole tissue, and a very marked 10.5-fold reduction in BPH 
specific activity. Although the observed differential effect of the cell isolation procedure on 
different enzyme activities could be due to different activities in different cell types coupled 
to a change in cell composition of the preparation, an equally likely explanation is that 
NADPH-dependent DTD, GST and particularly BPH were adversely affected by the 
isolation procedure, and are less stable than SOD, catalase and NADH-dependent DTD 
activities. An alternative possible explanation for the much lower BPH activity measured in 
isolated cells compared to tissue could be that it was due to the lower concentrations of 
protein used in the assay of the former compared to the latter samples, i.e. on the average 
about 0.78 mg compared to 1.6 mg protein per ml incubation mixture, coupled to a non 
linear dependence of enzyme activity on sample (protein) concentration. Previous studies 
have shown that linearity between enzyme activity and sample (protein) concentration in 
subcellular fractions of digestive gland of M. edulis is much less marked for membrane- 
bound BPH (Livingstone & Farrar, 1984; Livingstone et a l, 1985) than soluble enzymes 
such as SOD and GST (Livingstone etal. 1992, 1995).
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Table 3.3. Specific activities of antioxidant and biotransformation enzymes in the 10,000 g 
supernatant fraction of whole tissue and freshly isolated cells of M. edulis digestive gland. 
Values are means ± SD (n = 3 replicates; each replicate is a pool of 3-5 digestive glands); 
*p < 0.05.
Enzyme activity \ Digestive gland tissue Digestive gland cells
Superoxide dismutase 
(SOD units/mg protein)
4.21 ±0.69 3.29 ±  0.34
Catalase
(pmol/min/mg protein)
50.0 ±8.14 34.2 ±  4.59
Glutathione S-transferase 
(nmol/min/mg protein)
30.1 ±4.18 7.42 ±  1.70*
NADH-DT-diaphorase 
(nmol/min/mg protein)
12.03 ±  1.98 9.92 ±  2.64
N ADPH-DT -diaphorase 
(nmol/min/mg protein)
5.99 ±  1.86 1.68 ±0.67*
Benzo[a]pyrene hydroxylase 
(pmol/min/mg protein)
0.051 ±0.017 0.0044 ±  0.0058*
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3 .8 .2  Dependence of BPH activity on protein concentration in the 
assay
In order to investigate the relationship between BPH activity and protein concentration, 
assays were carried out using 1 0 , 0 0 0  g supernatant of whole digestive gland and eight 
concentrations of sample protein spanning the range which covered the concentrations used 
for both cells and tissue in the study of section 3.8.1 (i.e. 0.11 to 5.55 mg per ml 
incubation mixture). Tissue rather than cell supernatant was used for this study because of 
its higher BPH specific activity. The results are presented in Figure 3.7 A. Linearity 
between BPH activity and protein concentration was evident between the concentration 
range of 0 . 2  to 2 . 0  mg per ml incubation mixture, with plateauing seen at higher sample 
concentrations. Figure 3.7 B shows the same data recalculated to show the specific activity 
of BPH as a function of protein concentration in the assay. The results indicate that at the 
concentrations of assay sample protein used in the cell/tissue comparison study 
(respectively, about 0 . 8  and 1 . 6  mg per ml) a similar or higher specific activity would have 
been expected in cells. Thus, the lower activity in the cell culture preparation is indicated to 
be due to inactivation or loss of enzyme during the cell isolation procedure.
Studies were also carried out using increasing concentrations of cell 10,000g supernatants 
(protein range: 0.3 - 1.6 mg per ml incubation mixture), but no increase in activity with 
increasing protein concentration could be detected (data not shown), supporting the 
conclusion that the lower activity was real and not due to assay problems.
3 .9  The single cell gel electrophoresis (‘comet’) assay: effect of trypsin 
on DNA integrity of isolated cells
The comet assay is used for detecting in vitro genotoxic effects of xenobiotics via the 
formation of DNA strand breaks which can be visualized in form of “comets” from isolated 
cell nuclei using image analysis. This work, using isolated M. edulis digestive gland cells, 
was carried out in collaboration with Dr Carys L. Mitchelmore from the University of
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Figure 3.7 A. Dependence of BPH activity in tissue (10,000 g supernatant) of M. edulis 
digestive gland on sample (protein) concentration in the assay. B. Same data as for Figure 
3.7 A but data recalculated to show specific BPH activity in tissue (10,000 g supernatant) 
of M. edulis digestive gland as a function of sample (protein) concentration in the assay. 
Values are mean ± SE (n = 3 pools; each pool contained 10 digestive glands).
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Birmingham, The exposure of isolated cells to various xenobiotics and inhibitors, the 
viability studies and the gel electrophoresis were carried out in Plymouth, whereas the 
visualization and analysis of the comets were carried out in Birmingham. Whereas the 
major part of the work has been described in detail elsewhere (Mitchelmore et al 1998a, 
1998b), we were particularly concerned over the observation that control cells which had 
been dissociated with trypsin, showed increased comet tails in the comet assay. This 
observation was further investigated. The effect of trypsin treatment on cell viability and 
DNA strand breakage as measured by the comet assay is shown in Figure 3.8. Whereas 
cell viability was unaffected by trypsin concentrations up to 0.1 %, the percentage of DNA 
in the comet tail increased with increasing trypsin concentration from 10.3 ±2.3 (control, 
no trypsin) to 19.8 ±4.1 (0.01 % trypsin) to 23.7 ± 3.2 (0.1 % trypsin).
3 .10  Discussion
Much is known of the cell composition, tissue structure and biology of the digestive gland 
(Owen 1970, Langton 1975, Morton 1983, Henry etal. 1991), and previous studies have 
indicated the usefulness of isolated cells in toxicological studies (Lowe & Pipe 1994, Lowe 
et al. 1995). The tissue dissociation and two-step centrifugation protocol developed in this 
study produced good yields of a mixed-cell type population (digestive cells and smaller cell 
types) at high viability. However, a major consideration in the development of cell culture 
systems is the extent to which cell function and integrity in terms of enzyme activities of 
ecotoxicological importance may be retained compared to the intact tissue (Baksi & Frazier 
1990).
The enzyme status of the isolated cells was assessed for the biotransformation enzyme 
activities of phase I (BPH, DTD) and phase II (GST) metabolism, and activities of a 
number of antioxidant enzymes (SOD, catalase, DTD) known to be present in digestive 
gland of M. edulis and other bivalve molluscs (Livingstone 1991a). Phase I 
biotransformation enzymes are important in vivo in the metabolism of BaP (Michel et al.
1995) and other xenobiotics (Livingstone 1991a), whereas antioxidant enzymes are
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Figure 3.8. Effects of trypsin tissue dissociation on DNA strand breakage (% DNA in 
comet tail) and viability of isolated mussel M. edulis digestive gland cells.
Values are means ± SD (n = 3); */7<0.05 comparing trypsin treatment with control (no 
trypsin).
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thought to play a key role in protecting against basal and contaminant-induced ROS 
production (Winston et al. 1990, Winston eta l. 1991, Lemaire & Livingstone 1993). 
Comparison was made between the same subcellular fraction of whole tissue and isolated 
cells ( 1 0 , 0 0 0  g supernatant containing cytosol and microsomes), although the latter will 
likely not be entirely representative, qualitatively or quantitatively, of the tissue because cell 
composition will change during isolation of the cell mixture. Different results were obtained 
for different enzyme activities which may be due to differences in cellular distribution 
and/or stability of the enzymes. The similar specific activities of SOD and catalase in 
1 0 , 0 0 0  g supernatant of both isolate cells and tissues indicate that the enzymes are stable 
and that the cells have maintained their antioxidant capacity with respect to these two 
enzymes. The former is likely to be a measure of the CuZnSOD form which is present in 
the cytosol of digestive gland (as opposed to mitochondrial MnSOD), whereas the latter is 
likely present in peroxisomes as has been shown for whole tissue (Livingstone et al. 
1992). The similar activities of CuZnSOD and catalase in isolated cells compared to tissue 
also indicate that the enzymes have a wide distribution in different cell types. This 
conclusion is supported by the observations in M. edulis of peroxisomes in numerous cell 
types of digestive gland (digestive, basophil and epithelial cells) (Livingstone et al. 1992) 
and both CuZnSOD and catalase activities in blood cells (Pipe et al. 1993). The lower 
activities of GST and in particular cytochrome P450-dependent BPH activities in isolated 
cells compared to whole tissue could indicate that they are predominantly located in the 
large, more fragile digestive cells which will be disproportionally lost compared to smaller 
cell types during cell isolation. However, the difference could also be due to a lower 
stability of the enzymes and a loss of their catalytic activity. Loss of biotransformation 
enzyme activity is a common problem in cell culture, and studies on fish hepatocytes 
indicate that GST activity is more stable than cytochrome P450-catalysed MFO activities 
(Cravedi et al. 1996), which is consistent with the results for M. edulis. Purification 
studies of GSTs (Fitzpatrick & Sheehan 1993) and cytochrome P450 (Porte et al. 1995) 
from M. edulis also indicate that the former are more stable enzymes. The possibility of 
different cellular distributions for different enzymes is also supported by the results of 
DTD. NADPH-dependent DTD activity has a proportionally higher distribution in smooth
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endoplasmic reticulum compared to cytosol of M. edulis digestive gland than the NADH- 
dependent DTD activity (Livingstone et al. 1989b). Smooth endoplasmic reticulum is 
prevalent in the digestive cells (Nott & Moore 1987), which is consistent with a loss of 
such cells during cell isolation and the resultant lower activity of NADPH- than NADH- 
dependent DTD activities in the cells compared to the tissue.
In contrast to enzyme activities and cell viability, differences in DNA integrity were seen 
for non-protease compared to trypsin tissue dissociation procedures, the latter resulting in 
increased strand breakage. Although treatment with trypsin may cause damage to DNA 
(Singh et al. 1991), the reason for the effect on the M. edulis digestive gland cells is 
unknown. However, possible mechanisms include proteolysis of protective proteins 
leading to exposed DNA and oxidative damage by ROS (Halliwell & Aruoma 1992). 
Trypsin is known to cleave internal peptide bonds of amino acids and has a high specificity 
for the positively charged side chains of lysine and arginine (Speicher 1987). Overall, the 
results demonstrate that trypsin is not necessary or advisable for preparation of isolated 
cells from M. edulis digestive gland.
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CHAPTER 4.
CHARACTERISTICS OF CULTURED MUSSEL DIGESTIVE
GLAND CELLS
4.1  Introduction
This chapter describes the further characterization of primary cell cultures from M  edulis 
digestive gland in terms of their cellular survival in long-term culture, ultrastructural 
characteristics and enzymic functionality. Attempts were made to improve cell viability by 
supplementing the culture medium with various mussel-derived extracts. An 
ultrastructural analysis was carried out to help identify various cell types and to look at 
intracellular changes in cells cultured over time. Biotransformation and antioxidant 
enzyme activities were monitored in cultured cells, in a time-course experiment, in order 
to evaluate whether cells were capable of maintaining their enzymic functionality.
4 .2  Viability of digestive gland cells in culture
4.2.1 Use of L-15 medium with foetal bovine serum (FBS)
The survival of small cell types and digestive cells cultured in Leibovitz media 
supplemented with 10% FBS was monitored over 2 weeks. Cell viability of smaller cell 
types and digestive cells was evaluated by eosin Y exclusion. Figure 4.1 shows a typical 
digestive gland cell suspension in culture for 2 days. At the start of the culture, both small 
cells and digestive cells showed viabilities of over 95 % which remained constant for 12 
hours (Figure 4.2). After 12 hours, digestive cells began to deteriorate and only about 15 
% were viable after 4 days (Figure 4.3). With time, digestive cells appeared to become 
smaller in size and to loose their granular aspect which made them more similar to smaller
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Figure 4.1. Primary cell culture of mussel M. edulis digestive gland cells cultured for 2 
days in modified L-15 medium, 10% FBS. dc, digestive cells; sc, smaller cell types. 
Light microscopy, 40x magnification.
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Figure 4.2. Cell survival curve of isolated mussel M. edulis digestive gland cells during 
the first day of culture.
Results are means ± SD (n = 3 replicates; replicates are different cell batches derived from 
the same pool of mussels).
cell types. Therefore, identification of digestive cells became increasingly difficult with 
time. Other cell types may have been mistakenly identified as digestive cells which may 
explain why an apparent increase in digestive cell viability was noted on day 6 and 7. In 
contrast to the rapid deterioration of digestive cells, smaller cell types survived better and 
50% were still viable after 13 days in culture (Figure 4.3). Figure 4.4 shows the ratio of 
viable digestive cells in the total cell population in percentages over time. Initially, 
digestive cells were found to comprise between 12-14 % of the total cell population. In 
unison with Figures 4.2 and 4.3, the percentage of digestive cells declined rapidly after 
12 hours and after 96 hours (4 days) they made up only 2 % of the total cell population. 
Other features of the primary cell culture were the formation of small mixed-cell 
aggregations of smaller and digestive cells which caused the total cell count to decline 
over time (data not shown) because the cell aggregations could not be counted by eosin Y 
exclusion.
4 .2 .2  Use of L-15 medium with mussel serum and mussel extract
Mussel-derived supplements were added to the culture media in order to attempt 
improving the viability of cultured mussel digestive gland cells. Cells were kept for a 
period of 4 days (96 hours) in either 10% FBS, 10% mussel serum or 10% mussel 
extract (Figure 4.5), and cell viability was determined every 3 hours for the first 12 hours 
and daily thereafter.
Digestive cells showed a high variability in counts which can be attributed to the low 
numbers present in this cell preparation (Figure 4.5 A). Both mussel serum and mussel 
extract supplements did not enhance the survival of cells when compared to FBS. These 
results are in contrast to previous studies where marine invertebrate tissue extracts were 
used to improve culture conditions (Brewster & Nicholson 1979). Cultures of heart and 
larval cells derived from the oyster Crassostrea virginica were improved by the addition 
of oyster haemolymph and oyster heart extract, but not whole oyster extract
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Figure 4.3. Cell survival curve of isolated mussel M. edulis digestive gland cells in 
culture for up to 2 weeks.
Results are means ± SD (n = 3 replicates; replicates are different cell batches derived from 
the same pool of mussels).
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Figure 4.4. Ratio of digestive cells cultured in L-15 medium with 10 % FBS as a 
percentage of the total cell population.
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whichappeared to be toxic. Brewster & Nicholson did not use proteases for cell isolation 
but initiated their primary cultures with tissue explants. In contrast, this cell suspension 
was isolated by trypsin, and despite the centrifugation step which spins down the cells 
and removes the enzyme, residual trypsin may have been still present in the primary cell 
culture. Trypsin is usually inhibited by the addition of at least 10 % serum, but possibly 
not to the same extent by mussel serum and mussel extracts. The lower viability of 
mussel digestive gland cells in the presence of mussel serum or mussel extract may be 
due to the detrimental effect of residual trypsin in the culture. I planned to repeat this 
experiment by either using cells dispersed without trypsin or supplementing the .culture 
medium with mussel serum or extracts combined with FBS. Unfortunately, time was not 
available to carry out this study.
4 .3  Ultrastructural analysis of mussel digestive gland cells cultured for
4 days
This section shows EM micrographs of the various cell types present in the mixed-cell 
population of the mussel digestive gland cell culture. The morphological structure of 
digestive cells, and changes in their intracellular structure were looked at over a period of 
4 days in culture. In addition, identification was attempted of some of the smaller cell 
types which could not be identified by light microscopy.
4.3.1 Digestive cells
Figures 4.6 A-D shows a time-course study of changes in the intracellular morphology of 
isolated digestive cells from day 0 (start of culture) to day 4 (end of culture). On day 0 
(Figure 4.6 A) a section of freshly isolated digestive cells showed the structure and 
organelles typically present in cells in vivo (Owen 1972) and in other in vitro studies 
(Lowe & Pipe 1994). The shape of the cell was round and smooth, and intracellular 
organelles such as lysosomes, secondary lysosomes, lipid granules and residual bodies 
were clearly recognizable. On day 2, the cell structure was similar but slight deterioration
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Figure 4.5. Media supplements. The viability of mussel M. edulis digestive gland cells 
cultured in L-15 medium supplemented with 10 % of either FBS, mussel extract (ME) or 
mussel serum (ME). A, Small cell types. B, Digestive cells.
Values are mean ± SD (n= 3 cell batches).
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was evident by the formation of vacuoles in the intracellular compartment, in this case 
(Figure 4.6 B) around the residual bodies and inside a lysosome. In later stages, 
vacuolization became more apparent and fusion of lysosomes formed enlarged lysosomes 
(Figure 4.6 C). The final stage was characterized by extreme vacuolization, breakdown of 
intracellular membranes, blebbing of the cell membrane and general deterioration of the 
cellular compartments (Figure 4.6 D). The results from the ultrastructural analysis taken 
over 4 days corresponded well with the cell viability studies (see Figure 4.3).
4 .3 .2  Other cell types
A range of other, usually smaller, cell types was also observed in the EM micrographs. 
Figure 4.7 A shows a large basophilic cell containing lipid granules and endoplasmic 
reticulum. Small, undifferentiated precursor cells were found still attached to digestive 
cells (Figure 4.7 B). These precursor cells exhibited an elongated shape and a large 
nucleus. Reaggregation of cells was observed to take place within 1 or 2 days of initiation 
of culture (Figure 4.7 C). These aggregates were usually 100-200 |im in diameter and 
were made up of a mixture of cell types. The aggregates were observed to grow larger 
with time and cells within these aggregates appeared to be more viable. Ciliated duct 
epithelial cells were abundant in the cell culture (Figure 4.8 A) and appeared to show no 
ultrastructural changes after 4 days in culture (Figure 4.8 B). These cells were identified
I
by their cilia, and the lack of other conspicuous intracellular structures except for the 
presence of small dark granules (possibly lipids). Blood cells were identified by their 
granular cytoplasm and a very large nucleus (Figure 4.8 C). Figure 4.8 D shows an 
unknown, lipid-rich cell type which was also frequently found in the cell preparations.
104
aB
- ^ T f .  .^S.. yCi :,'1m -^'3 4 #
• '• " u -
- 4
' î . î y j '
^  '  «A»
m K  V
Figures 4.6 A-D. EM micrographs of isolated mussel M. edulis digestive cells. A, 
Digestive cell at the beginning of the culture (day 0) with ultrastructural characteristics 
similar to cells in vivo. B, Digestive cell on day 2 showing some vacuolization of the 
cytoplasm around residual bodies and in lysosomes. C, Increased vacuolization of 
digestive cell and fusion of lysosomal compartments (day 4). D, Final stages of digestive 
cell disintegration with extensive vacuolization and indication of plasma membrane 
breakdown (day 3). li, lipid granules; ly, lysosome; rb, residual body; sly, secondary 
lysosome.
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Figure 4.7 A-C. EM micrographs of isolated mussel M. edulis digestive gland cell types. 
A, Basophilic cell (day 0). B, Undifferentiated cell with large nucleus between two 
digestive cells (day 0). C, Reaggregation of cells in culture (day 2). ci, cilia; er, 
endoplasmic reticulum; nu, nucleus.
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Figure 4.8 A-D. EM micrographs of isolated mussel M. edulis digestive gland cell types. 
A, Duct epithelial cell (day 0). B, Duct epithelial cell (day 4). C, Blood cell (day 0). D, 
Unidentified lipid-rich cell type (day 0). ci, cilia; li, lipid granules; nu, nucleus.
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4 .4  Activities of biotransformation and antioxidant enzymes in mussel 
digestive gland cells cultured for 4 days
The activities of antioxidant and biotransformation enzymes were analysed in 10,000 g 
supernatants of cultured mussel digestive gland cells, in order to obtain an indication of 
the toxicological viability of the cells. At the beginning of the culture (day 0, Table 4.1), 
initial activities of all enzymes studied were similar or higher than previously reported 
(see Discussion). Over time, enzyme activity levels in the cells generally declined, but 
activities of antioxidant enzymes appeared to be more stable than those of 
biotransformation enzymes. SOD activity on day 2 declined to approximately 70% of the 
initial activity but remained at the same level afterwards, whereas catalase maintained a 
constant activity throughout the time period (Figure 4.9). In contrast, the 
biotransfomation enzymes NADH-DTD, BPH and GST all declined rapidly. NADH- 
DTD and GST showed similar patterns of rapid decline by day 2, whereas BPH declined 
more slowly with marked decline by day 3 (Figure 4.10). By day 4 the activities of 
NADH-DTD, BPH and GST had dropped to, respectively, 31.9 %, 28.9 % and 27.9 % 
of the value on day 0. '
4 .5  Discussion
This chapter describes the basic cell-type characteristics and aspects of the enzymic 
functionality of a primary cell culture of digestive gland, the major organ of xenobiotic 
metabolism in M. edulis (Livingstone 1991a). The primary aim was to obtain a viable 
mixed-cell population which would be representative of the tissue in vivo, in order to 
study the potential of primary cell cultures for invertebrate toxicological studies. In 
particular, 1 was concerned to characterize the cell-types and to investigate both 
morphological and biotransformation/antioxidant enzyme activity changes over time with 
keeping the cells in culture. Chapter 3 described the characterization of enzyme activities 
and DNA integrity in freshly isolated digestive gland cells (also see Birmelin et al. 1998a,
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Table 4.1. Initial enzyme activities in 10,000 g supernatants of isolated mussel M. edulis 
digestive gland cells.
Values are means ± SD (n = 3 replicates; replicates are different cell batches derived from 
the same pool of mussels).
^ ]Bn:cynic Specific activities
Catalase (|imol/min/mg) 45.0 ± 6.6
Superoxide dismutase (U/min/mg) 3.2 ± 0.4
NADH-DT-diaphorase (nmol/min/mg) 11.9 ±2 .6
Benzo[a]pyrene hydroxylase (pmol/min/mg) 0.301 ± 0.08
Glutathione S-transferase (nmol/min/mg) 34.4 ± 3.7
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Figure 4.9. Specific activity of the antioxidant enzymes catalase and superoxide 
dismutase in 10,000 g supernatants from cultured mussel M. edulis digestive gland cells. 
Values are means ± SD (n = 3 replicates; replicates are different cell batches derived from 
the same pool of mussels). * /? < 0.05 compared to control.
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Figure 4.10. Specific activity of the biotransformation enzyme activities NADH-DT- 
diaphorase, benzo[a]pyrene hydroxylase and glutathione ^'-transferase in 10,000 g 
supernatants from cultured mussel M. edulis digestive gland cells.
Values are means ± SD (n = 3 replicates; replicates are different cell batches derived from 
the same pool of mussels). * p < 0.05 compared to control.
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Appendix). The application of this cell system in genotoxicity studies using the alkaline 
single cell gel electrophoresis (comet) assay is described in Mitchelmore et a l 1998a, 
1998b (see Appendix). The digestive gland (also called digestive diverticula) forms part 
of the complex molluscan digestive system which has been described in detail by 
numerous authors (Reid 1965, Owen 1970, Bayne 1976, Morton 1983, Morse & Zardius 
1997). The digestive gland represents a dynamic system where cells undergo periodic 
cytological changes which are tightly controlled by environmental factors such as tidal 
rhythm (Langton & Gabbott 1974), salinity (Pipe & Moore 1985) and food availability 
(Thompson et a l  1974). The lysosomal-vacuolar system of the mussel digestive cell has 
been used as a sensitive indicator of environmental stress and pollution (Moore et a l 
1979, Lowe et a l 1981, Nott & Moore 1987, Lowe & Clarke 1989, Lowe & Pipe 1994, 
Krishnakumar et al 1997).
A summary of the cell types which made up the primary cell culture, together with their 
function and location in the intact animal, is shown in Table 4.2. All cell types which 
have been described in the M. edulis digestive gland in vivo (Morton 1983) were also 
present in vitro, with the most conspicuous cell type being the large, lysosome-rich, 
digestive cells which made up approximately 10-15 % of the total cell population. Other 
(smaller) cell types, identified by their ultrastructural morphology, were basophilic and 
undifferentiated cells, duct epithelial cells, blood cells and a lipid-rich cell type. It has 
been postulated that basophilic cells differentiate into lysosome-containing digestive cells 
(Yonge 1926), however an alternative function as a secretory cell has been indicated more 
recently (Owen 1970, Morton 1983, Henry et a l  1991). Digestive cells and basophilic 
cells are derived from undifferentiated precursor cells or crypt cells which may be 
flagellated (Mix & Sparks 1971, Owen 1972, Henry et a l  1991). Duct epithelial cells 
were abundant in the EM sections and appeared unchanged after 4 days in culture. Other 
common cell types were blood cells (hemocytes) which circulate in ducts, tubules and 
connective tissues in vivo. Mussel blood cells can be classified into three types (Pipe 
1990, Pipe et al. 1997). In the present study the granular amoeboid blood cells were 
identified, and appeared to be the only cell type in the digestive gland primary cell culture
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Table 4.2. Cell types identified in mussel M. edulis digestive gland primary cell culture.
Cell types in vitro Cell size in vitro Function in vivo Localization in 
vivo
Digestive cell 15-30 jim intracellular digestion 
xenobiotic biotransfoiTna- 
tion and detoxification (?) 
antioxidant defense
digestive tubules
Basophilic cell 15-20 |im secretion (?) 
antioxidant defense
digestive tubules
Undifferentiated
ceU
5-10 fim replacement of basophilic 
and digestive cells
digestive tubules
Duct epithehal 
cell
10-20 |im transport of food particles 
antioxidant defense
primary and 
secondary ducts
Blood cell 10-20 |im nutiient digestion and 
transport, phagocytosis, 
antioxidant defense
circulating
Lipid-rich cell 15-20 |im lipid storage (?) unknown
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to attach to a substratum or to migrate from an explant culture (C. Birmelin, 
unpublished). A lipid-rich cell type was also present but could not be identified. In a 
previous study a similar cell type was described as a lipid-accumulating digestive cell 
following in vivo exposure of mussels to fluoranthene (Lowe & Pipe 1994). However, it 
is probably more appropriate to consider the lipid-rich cell as a different cell type because 
it does not show the same intracellular characteristics and did not appear to contain large 
lysosomes or other characteristic organelles of digestive cells.
When cells were cultured in a modified culture medium for up to 2 weeks, different cell 
types exhibited different survival rates. Digestive cells could only be maintained at a 
constant viability for up to 12 hours, after which cells started to show increased 
vacuolization and structural damage. In some bivalves such as Lasaea  sp. and 
Scrobicularia sp. (Owen 1972), digestive cells break down naturally (during the digestive 
cycle) and release their contents into the lumen of the tubules. In M. edulis, however, 
digestive cells do not break down and disappear, but are maintained in a holding phase 
(Owen 1972, Langton 1975). Thus, the breakdown pattern as observed in the EM 
analysis (i.e. vacuolization) suggests that digestive cells are simply more susceptible than 
smaller cell types to sub-optimal culture conditions and/or to changes in pH, osmolality 
and ion/oxygen balance which may have occurred during the course of the culture. In 
contrast, viability studies and EM analysis demonstrated that smaller cell types survived 
better, about 50% being viable after nearly 2 weeks in culture.
Despite the somewhat limited survival of digestive cells compared to smaller ceU types, 
earlier short-term studies using our primary cell culture showed that the culture was 
metabolically active, and exhibited increased DNA strand breakage as measured by the 
Comet assay when exposed to sub-lethal concentrations of PAH (BaP), nitroaromatics 
(nitrofurantoin, 1-nitropyrene) and H2 O2 (Mitchelmore et al. 1998a, 1998b). We 
investigated whether cells cultured for longer periods (up to 4 days) would retain their 
enzymic functionality. The enzyme activities were chosen for their relevance in marine 
invertebrate xenobiotic metabolism and ROS protection (Livingstone 1991a, Livingstone
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et al. 1994). A comparison of enzyme activities in freshly isolated cells with tissue 
subcellular preparations has been examined in an earlier work (Birmelin et al. 1998a and 
chapter 3). Enzyme studies using the 10,000 g supernatant from cultured digestive gland 
cells revealed that freshly isolated cells had antioxidant (SOD, catalase) and 
biotransformation (BPH, GST, NADH-DTD) enzyme activities similar to homogenized 
tissue analysed in the same month of the previous year (Birmelin et al. 1998a). However, 
in cells cultured for several days, a loss in enzyme activities was evident but the degree of 
decline was not equal for all enzyme activities, possibly indicating an unequal distribution 
of the enzymes in the various cell types. It appeared that the activity levels of the 
antioxidant enzymes, SOD and catalase, were more stable than those of the 
biotransformation enzymes GST, BPH and NADH-DTD the latter of which decreased to 
less than a third of their initial activity by day 4. The decline in the biotransformation 
enzyme activities followed the decline in viability of digestive cells, possibly indicating 
that these enzymes are primarily located in this cell type whereas antioxidant enzymes 
may be found in both digestive cells and smaller cell types.
The cytochrome P450 monooxygenase system is located in smooth endoplasmic 
reticulum (Alberts et al 1989) which is known to be prevalent in mussel digestive cells 
(Nott & Moore 1987), whereas basophilic cells contain more rough endoplasmic 
reticulum (Owen 1972). Subcellular distribution studies have indicated the presence of 
cytochrome P450-catalysed BPH activity in both smooth and rough endoplasmic 
reticulum (Livingstone & Farrar 1984). Identification of the cell-type localisation of the 
biotransformation and antioxidant enzymes, and whether the former are primarily present 
in digestive cells, would require immunocytochemical studies. At present, no such M. 
edulis-spQcific antibodies are available for GST and DTD. Although studies of CYPIA- 
immunopositive protein using antibodies to perch {Perea fluviatilis) CYPIA have been 
carried out in digestive gland of M. edulis (Porte et al. 1995, Livingstone et al. 1995, 
Sole et al. 1996, Livingstone et al. 1997), non-specific binding of the anti-CYPlA makes 
cellular localization studies not possible due to high background staining (C. Birmelin & 
A. Goksoyr, unpublished, see chapter 5). In the case of antioxidant enzymes, previous
115
studies have shown a wide distribution of these enzymes in both digestive cells and 
smaller cell types. Livingstone et al. (1992) found that catalase-containing peroxisomes in 
M. edulis digestive gland tissue were primarily located in digestive cells, basophilic cells 
and duct epithelial cells. Immunocytochemical and enzymic studies in M. edulis blood 
cells revealed that catalase and SOD activities were located in the blood cells but not in 
haemolymph (Pipe etal 1993).
The apparent slower loss of BPH activity (marked decline by day 3) compared to GST 
and DTD activities (marked decline by day 2) may be due to their subcellular localisation. 
Whereas cytosolic enzymes, such as GST (Fitzpatrick & Sheehan 1993) and DTD 
(Livingstone et al. 1989b) will presumably be lost in the supernatant upon death and 
break-up of the cells, the endoplasmic reticulum localisation of BPH activity (Livingstone 
& Farrar 1984) may result in the formation of microsomal vesicles from dead cells which 
will adhere to living cells and be precipitated when centrifuged at 10,000 g. Support for 
the latter hypothesis is provided by subcellular distribution studies of M. edulis digestive 
gland which showed a significant fraction of rough endoplasmic reticulum and BPH 
activity co-precipitating with mitochondria at 10,000 g (Livingstone & Farrar 1984). 
Alternatively, in vitro enzyme activities could be more stable if the enzyme was contained 
in vesicles rather than in the cytosol. Whereas the activity of cytosolic SOD dropped after 
intitation of the culture, catalase (which is contained in peroxisomes) remained constant.
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CHAPTER 5.
EXPRESSION OF CYPIA-LIKE AND HEAT-SHOCK PROTEINS IN 
MUSSEL DIGESTIVE GLAND CELL CULTURES
5.1  Introduction
The mixed-function monooxygenase cytochrome P450 family of enzymes has a key 
function in the activation and detoxification of substrates of ecotoxicological and 
pharmacological importance. Members of this family have been found in organisms as 
diverse as bacteria, plants, invertebrates, fish, birds and mammals (Nelson et al. 1993). 
Cytochrome P450 enzymes are membrane-bound proteins prevalent in the endoplasmic 
reticulum of the vertebrate hepatocyte (Alberts et al. 1989) but they also occur in other cell 
types and soluble forms have been found in bacteria. Exposure to xenobiotics results in 
the increased synthesis (induction) of certain cytochrome P450 forms, notably 
cytochrome P4501A (CYPIA), which in fish and other vertebrates has been used as a 
biomarker of exposure to organic xenobiotics such as PCBs and PAHs (Stegeman & 
Hahn 1994). In marine invertebrates, cytochrome P450 enzyme activity has been 
demonstrated but its potential as a biomarker awaits further clarification (Livingstone 
1991a, 1991b, 1996). Whereas the gene sequence of over 300 mammalian cytochrome 
P450s is known (Josephy 1997), only two aquatic invertebrate cytochrome P450 genes 
have been sequenced to date: CYP2L in the spiny lobster, Panulirus argus (James et al.
1996) and a unique form, CYPIO, in the pond snail, Lymnea stagnalis (Teunissen et al. 
1992). In the marine mollusc M. edulis, multiple forms of cytochrome P450 related to 
CYPIA, 3A, 4A and l lA  have been indicated using Northern and Southern blot 
techniques (Wootton et al. 1995, 1996). No complete purification of molluscan 
cytochrome P450s has been achieved yet, but Kirchin (1988) partially purified a 53 kDa 
cytochrome P450 protein from M. edulis digestive gland, and immunochemical studies 
using antibodies to perch CYPIA identified a single immunopositive band of 54 kDa
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(Porte et al. 1995). Recent work carried out on microsomal Mytilus sp. preparations 
concentrated on a protein of 48 kDa apparent M.W. (Livingstone et al. 1997). Increase in 
levels of this CYPlA-like protein was observed upon exposure to Arochlor 1254 
(Livingstone et al. 1997).
Other potential biomarker proteins are the heat-shock proteins (hsp), also called stress- 
response proteins, which are indicators of general stress such as a sudden increase in 
temperature, ultraviolet light, heavy metals and xenobiotics (Lindquist & Craig 1988, 
Sanders 1990, Hightower 1993, Grpsvik & Gokspyr 1996). Some heat-shock proteins 
are molecular chaperones and have a protective function, solubilizing and refolding 
reversibly heat-damaged/denatured proteins. The presence of damaged protein after an 
environmental stress activates the transcription of heat-shock proteins, greatly increasing 
their concentration in the cell (Alberts et al. 1989). Heat-shock proteins are remarkable for 
their high degree of structural conservation during evolution and the heat-shock response 
has been found in all organisms examined to date (Lindquist & Craig 1988). Heat-shock 
proteins can be grouped into 5 main families according to their size: hsp90 (80-90 kDa), 
hsp70 (68-74 kDa), hsp60 (58-60 kDa), low molecular hsps (16-30 kDa) and ubiquitin 
(7-8 kDa) (de Pomerai 1996). Most heat-shock proteins are present in low concentrations 
as constitutive proteins in non-stressed cells (Hightower 1993), and may have additional 
functions unrelated to temperature shock, i.e. hsp90 has been found to associate with 
steroid receptors including the xenobiotic hydrocarbon-binding AA-receptor (Antonsson et al. 
1995). In contrast, some members of the hsp70 family (i.e. 72kDa) are only synthesized 
under stress conditions and are not present in unstressed organisms. The highly inducible 
hsp70 family is therefore a promising candidate for biomarker application studies in 
environmentally stressed organisms (Sanders 1990). Furthermore, hsp70 of bivalve 
molluscs were found to have similar antigenic and ATP-binding domains to mammalian 
(HeLa) cells (Margulis et al. 1989).
The aim of this study was to establish by Western blot analysis whether the CYPlA-like 
protein and heat-shock proteins (hsp70) were expressed in M. edulis digestive gland
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cells, and whether the synthesis of these proteins could be induced by exposure to the 
model PAH, BaP. In addition, Norwegian field populations of mussels collected from a 
control (clean) site and a polluted (Bergen harbour) site were examined using two- 
dimensional gel electrophoresis. The work was carried out under the tenure of an EU- 
TMR short-term fellowship to allow access to the Large-Scale Facility (LSF) at the High 
Technology Center (HIB), University of Bergen, Norway. The host group was Dr 
Anders Gokspyr’s Marine Molecular Biology Laboratory, HIB.
5 .2  Characterization of CYPlA-like protein and heat-shock proteins hy
1-D SDS-Page gel electrophoresis and Western blotting
One-dimensional SDS-Page gel electrophoresis and Western blotting was carried out 
using S12 supernatants prepared from freshly isolated cells and homogenized tissue of 
digestive gland from mussels collected in Bergen harbour. The following primary 
antibodies against CYPIA and hsp70 were used:
1) rabbit polyclonal anti-cod CYPIA antiserum (old name: P450c antiserum, 
Goks0yr 1985) (Biosense). Dilution was 1:2000.
2) rabbit polyclonal anti-fish CYPIA peptide BN-1 (Biosense) against synthetic 
peptides corresponding to conserved sequences in fish. Dilution was 1:300.
3) monoclonal anti-cod CYPIA NP-7 (Biosense). Dilution was 1:1000.
4) monoclonal anti-human hsp70 (inducible form, Stress-Gen, SPA-810). Dilution 
was 1:4500.
To visualize the bands in the Western blots, we found the ECL kit from Amersham 
superior to HRP Colour Development. Gels were analysed for band volume and 
molecular weight determination with the software package “Molecular Analyst” (BioRad).
Figure 5.1 shows typical Western blots for S12 supernatants from a cell preparation 
compared to homogenized tissue, probed with CYPIA antiserum and BN-1. Both
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Figure 5.1. Western blot analysis of M  edulis digestive gland cells and 
homogenized digestive gland tissue probed with two different primary 
antibodies against fish CYPIA. Lane 1 and 7, cells; lane 2 and 6, tissue; lane 
3 and 5, molecular weight standards; lane 4, position of molecular weight 
standards (kDa). Each sample lane contained 10 and 40 pg protein for cell 
and tissue samples, respectively.
polyclonal antibodies against CYPIA cross-reacted with bands between 40-60 kDa app. 
M.W. However, bands in lower and higher molecular weight regions also became 
visible, notably at approx. 100 kDa app. M.W. The cell sample (10 pg/lane) contained 
less protein than the tissue sample (40 pg/lane) which may account for the generally 
weaker banding in the cell Western blot. High background staining obscured other, 
faintly discernible, cross-reacting protein bands. The antibody BN-1 cross-reacted with 
two bands of approximately 42-43 and 48 kDa app. M.W., whereas CYPIA antiserum 
mainly recognized the 42 kDa band. These bands are similar to immunopositive bands 
recognized in a previous study (Livingstone et al. 1997) which used an anti-perch 
CYPIA primary antibody to detect mussel CYPlA-like protein in microsomal and 
partially purified CYPIA preparations.
No cross-reacting was observed with the monoclonal antibody NP-7 or the hsp70 
antibody (data not shown). Monoclonal antibodies are much more specific than 
polyclonals and negative results have been obtained in earlier studies using monoclonal 
antibodies against vertebrate CYPIA to probe for molluscan cytochrome P450 (Yawetz et 
al. 1992). In addition, the hsp antibody used here (SPA-810) is raised against the 
inducible form of hsp70 which is only expressed in stressed cells and usually not 
detectable in normal cells (Stress-Gen, product description). In future studies, an 
antibody against the constitutive and inducible forms of hsp70 (SPA-820) was used.
In crustacean hepatopancreas, the presence of proteases were found to damage 
cytochrome P450 proteins (James 1989). It is likely that in mussel digestive gland, 
proteases have a similar effect, possibly splicing sub-domaines of proteins which, if still 
recognized by antibodies, consequently appear as two or more bands. To investigate the 
effect of proteases, we prepared mixed-cell suspensions from mussel digestive gland in 
resuspension buffers with or without protease inhibitors (Figure 5.2). Aliquots of 40 |ig 
protein were loaded per lane, together with prestained molecular weight markers, a 
positive (6-naphthoflavone-induced cod microsomes) and a negative control (non-induced 
cod microsomes). Figure 5.2 A shows a Western blot probed with CYPIA antiserum,
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Figure 5.2. Protease inhibitors. Western blot analysis of M  edulis digestive gland cells 
probed with primary antibodies against fish CYPIA. Lane 1, control (no protease 
inhibitors); lane 2, aprotinin; lane 3, Compact™ (inhibitor cocktail); lane 4, (3NF- 
induced cod microsomes (positive control); lane 5, non-induced cod microsomes 
(negative control); lane 6, molecular weight standards. Position of relevant bands is 
indicated in kDa. Lane 1-3, 40 pg protein each lane; lane 4-5, 5 pg protein each lane.
In this experiment, the primary antibody was incubated with the nitrocellulose membrane
for 1 hour.
n
with lane 1 containing digestive gland cells without protease inhibitors, lane 2 showing 
cells resuspended in buffer containing 20 pg/ml aprotinin (trypsin inhibitor) and lane 3, 
cells resuspended in buffer containing 1 compact tablet (inhibitor cocktail) per 50 ml 
buffer. Interestingly, a single band of approximately 58 kDa app. M.W. cross-reacted 
with the antibody CYPIA antiserum in all three cell preparations. In lane 1 (no protease 
inhibitors) a band of approx. 65 kDa was apparent which did not occur in lane 2 
(aprotinin) or 3 (inhibitor cocktail). When probed with BN-1 (Figure 5.2 B), a 58 and 54 
kDa band seemed to be stronger in cells containing protease inhibitors.
In the positive (ONF-induced cod microsomes) and negative (non-induced cod 
microsomes) controls both antibodies showed non-specific binding to bands other than 
CYPIA and the non-specific binding was more pronounced with CYPIA antiserum than 
with BN-1. Primary antibodies lose specificity and will bind to other proteins if left for 
too long reacting with the nitrocellulose membrane (M. Leaver, personal 
communication). For this reason, it is not certain whether the immunopositive bands 
detected in the mussel digestive gland samples (Figures 5.1 and 5.2) were CYPlA-like 
protein. Additional studies, i.e. to look at xenobiotic-induced synthesis of 
immunopositive bands, needed to be carried out.
5 .3  Induction studies in cells exposed to BaP: CYPlA-like protein, 
hspTOs and total protein content
In order to elucidate whether the immunopositive bands in the region of 40-60 kDa app. 
M.W. were CYPlA-like proteins, it was attempted to increase the synthesis of these 
proteins by exposing M. edulis digestive gland cells to organic xenobiotics such as the 
PAH BAP which are indicated to be inducers of mytilid cytochrome P450 (Livingstone 
1991a, Michel etal. 1993, Livingstone etal. 1997).
Freshly isolated mussel digestive gland cells (7 x 10  ^cells ml'^) were incubated in L-15 
medium (containing 10 % FBS) for 24 h with 0, 50, 100 and 200 pM BAP (solvent:
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DMSO; final concentration: 1% DMSO in 50 and 100 pM BaP, and 2% DMSO in 200 
|iM BaP). The first control were cells in culture medium and a second (vehicle) control 
were cells incubated in culture medium with 1% DMSO. Four gels were run for each 
replicate and probed with:
1 ) rabbit polyclonal anti-cod CYP1A antiserum.
2) rabbit polyclonal anti-fish CYP 1A peptide BN-1.
3) monoclonal anti-human for constitutive and inducible forms of hsp70 (hsc70 and 
hsp70, Stress-Gen, SPA-820). 1:4500 dilution.
4) silver staining for total protein content.
After 24 h incubation, the viability of mussel digestive gland cells declined slightly to 79 
± 2% for smaller cell types and 78 ± 8.5% for digestive cells. The antibodies against 
CYPIA again showed high background staining and cross-reacted with multiple bands in 
higher and lower M.W. (Figure 5.3). New immunopositive bands appeared in BaP- 
exposed and control cells which had not been noted in previous Western blots. A thick 
band of approx. 65-72 kDa (seen as white band because of overexposure) cross-reacted 
with both antibodies. Previous cell preparations were prepared in resuspension 
bufferswhereas in the BaP-exposure study, cells were incubated in culture medium 
containing FBS. The thick band is possibly albumin (molecular weight: 66 kDa) which is 
abundant in sera (Freshney 1994) and which may have been taken up into cells. Other 
immunopositive bands were observed of 120, 78, 60 (faint), 58 (faint) and 42 kDa app. 
M.W. when probed with CYPIA antiserum (Figure 5.3 A), and of 100, 90, 60 (faint), 
58 (faint), 54 (faint), 48 and 42 kDa when probed with BN-1 (Figure 5.3 B). Multiple 
bands in lower molecular weight regions (below 40 kDa) were detected with both 
antibodies. The band intensities of all immunopositive bands were analysed and 
expressed as optical density per mm^ with local background subtraction. Three protein 
bands of 54, 58 and 90 kDa app. M.W. showed elevated intensities in BaP-exposed cells 
as compared to controls (Figures 5.4 - 5.6), with the 58 kD protein band intensity being 
significantly increased in samples incubated with 50 or 200 |iM BaP (Figure 5.5). Some
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Figure 5.3. Effect of benzo[a]pyrene. Western blot analysis of M. edulis digestive gland cells 
incubated with benzo[a]pyrene for 24 h and probed with anti-cod CYPIA antiserum (A) and 
anti-fish CYPIA peptide (B). Lane 1, control cells; lane 2, vehicle control (DMSO); lane 3, 50 
pM BaP; lane 4, 100 pM BaP; lane 5, 200 pM BaP; lane 6, molecular weight standards; lane 7, 
PNF-induced cod microsomes (positive control); lane 8, non-induced cod microsomes 
(negative control). The position of molecular weight standards is indicated in kDa. Bands in 
the 40-60 kDa app. M.W. are marked with an arrow. Each lane contained 40 pg protein, except 
for lanes 7-8 which contained 5 pg protein.
US
of these apparent increases may be attributed to uneven exposure of the Western blots 
(possibly due to old ECL solutions which resulted in white blotches, A. Gokspyr, pers. 
comm.). However, no significant increases were detected for any other immunopositive 
band intensities examined.
In contrast to the antibodies against CYPIA, Western blots probed with the antibody 
against human hsp70 (SPA-820) gave a very specific response (Figure 5.7 A and B). A 
total of 6 bands became visible, of which a 78 kDa band was strongest and appeared to be 
elevated in cells exposed to DMSO and BaP. In mammalian systems, the 78kDa hsp is a 
constitutive glucose-regulated stress protein (grp78 or BiP) present within the lumen of 
the endoplasmic reticulum where it may perform a similar chaperone function as other 
hsp70 family members (Sanders 1990). The grp proteins are generally being regarded as 
poor biomarkers of general stress and may only serve as indicators of nutritional state or 
anoxic conditions (Stegeman et al. 1992). A 78 kDa protein was detected in other 
Western blot studies (using a different antibody to human hsp70) but no induction of this 
band was observed in M. edulis gill tissue after temperature shock (Smerdon et al. 1995). 
Instead, a strongly inducible hsp70 and two hsp72 isoformswere detected. It is possible 
that the 78kDa band may not be induced by elevated temperature but by xenobiotics 
which may alter the physiological status of the cells causing a metabolic stress, especially 
in tissues which have a nutritional role such as the digestive gland (in contrast to gill 
tissue). No other hsp70 proteins were detected in the present study. This may be either 
due to tissue-specific differences (the present study was carried out in the mussel 
digestive gland whereas most other work used mussel gill) or the hsps in the 70 kDa 
regions were obscured by the thick albumin band (65-72 kDa) present in the cells.
Other immunopositive bands in Figure 5.7 were of approximately 32, 40, 43, 48 and 50 
kDa apparent M.W. The analysis of two gels showed the 48 kDa band to be elevated in 
cells exposed to 50 and 100 pM BaP. In M. edulis gill tissue, heat shock was reported to 
induce the synthesis of hsps with molecular weight of (similar bands to this study are 
indicated in bold text): 30, 32, 68, 70, 80, 82, 90 and 110 kDa (Veldhuizen-Tsoerkan et
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Figure 5.4. Band intensities (optical density per mm ) of a 54 kDa immunopositive band 
recognized by Western blotting (antibody: anti-fish CYPIA peptide, BN-1) of mussel 
digestive gland cells exposed to benzo[a]pyrene. Values are means ± range (n = 2 
Western blots).
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Figure 5.5. Band intensities (optical density per mm ) of a 58 kDa immunopositive band 
recognized by Western blotting (antibody: anti-cod CYPIA antiserum or anti-fish 
CYPIA peptide, BN-1) of mussel digestive gland cells exposed to benzo[a]pyrene. 
Values are means ± SD (n = 3 Western blots). **/? < 0.05.
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Figure 5.6. Band intensities (optical density per mm^) of a 90 kDa immunopositive band 
recognized by Western blotting (antibody: anti-fish CYPIA peptide, BN-1) of mussel 
digestive gland cells exposed to benzo[a]pyrene.
Values are means ± range (n = 2 Western blots).
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Figure 5.7. Western blot analysis of the effect of benzo[a]pyrene on heat-shock proteins in 
M. edulis digestive gland cells. Cells were incubated with benzo[a]pyrene for 24 h and 
probed with anti-human hsp70 antibody (SPA-820). Figures A and B are replicates. Lane 1, 
control cells; lane 2, vehicle control (DMSO); lane 3, 50 pM BaP; lane 4, 100 pM BaP; 
lane 5, 200 pM BaP. The position of molecular weight standards is indicated in kDa. Each 
lane contained 40 pg protein.
al. 1990), 28, 50 and 70 kDa (Steinert & Pickwell 1988) and 29, 32, 42, 43, 47, 61, 
68, 70 and 90 kDa (Sanders 1988). Small differences in molecular weight can be due to 
differences in the employed gel system (Veldhuizen-Tsoerkan et al. 1990). It is not clear 
whether some of the low molecular weight bands are simply degradation products or 
whether some are members of molluscan hsp families. Hsps of lower molecular weights 
have been previously described in molluscan tissues, notably hsp47 and hsp42 (Sanders 
1988, Hofmann & Somero 1996) which are not reported as often as the major hsp 
classes. Hsp47 in particular was found inducible by a wide range of stressors in addition 
to heat shock (Sanders 1993).
Total protein content (visualized by silver staining) of BaP-exposed mussel digestive 
gland cells revealed the relative abundance of proteins present in the cells. Similar protein 
bands to the ones which cross-reacted with CYPIA and hsp70 antibodies were observed, 
in addition to new protein bands (Figure 5.8). Each lane contained 10 |ig protein. The 
most abundant proteins in the digestive gland cells were four thick bands at approximately 
99-100 kDa app. M.W. (probably the 100 kDa band cross-reacting with BN-1), 78 kDa 
(possibly grp78 cross-reacting with hsp70), 65-72 kDa (possibly albumin) and 
approximately 46 kDa (possibly actin). Other identified protein bands are indicated in 
Figure 5.8. Coinciding with the results using CYPIA antibodies, the total protein content 
revealed very weak banding in the 40-60 kDa regions (except for the 46 kDa band) 
relative to other bands. The silver-stained gel contained only one fourth (10 |ig) of the 
protein content used for Western blots (40 |ig) and weak bands such as the 54 kDa band 
were hardly visible. A tentative analysis of the band intensities revealed that the 58 kDa 
protein was slightly elevated in BaP-exposed cells (Figure 5.9).
5 .4  Com parison of field populations of M. edulis by 2-D gel 
electrophoresis with ^^S-radiolahelled cells
One of the most powerful quantitative techniques available for the global analysis of 
protein effects is two-dimensional gel electrophoresis which can resolve more than 1000
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Figure 5.8. Effect of benzo[a]pyrene. Silver-stained 1-D SDS gel electrophoresis 
for total protein content of M. edulis digestive gland cells incubated with 
benzo[a]pyrene for 24 h. Lane 1, control cells; lane 2, vehicle control (DMSO); 
lane 3, 50 pM BaP; lane 4, 100 pM BaP; lane 5, 200 pM BaP; lane 6, molecular 
weight standards; lane 7, PNF-induced cod microsomes (positive control); lane 8, 
non-induced cod microsomes (negative control). The position of molecular weight 
standards and bands are indicated (kDa). Each lane contained 10 pg protein.
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Figure 5.9. Band intensities (optical density per mm ) of a 58 kDa band separated by ID 
SDS gel electrophoresis and visualized by silver staining (total protein content) of 
benzo[a]pyrene-exposed mussel digestive gland cells. Values are from n = 1 gel.
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protein species in a single analysis. The first dimension separates proteins by isoelectric 
point (a function of amino acid composition), while the second dimension separates the 
proteins by their size (molecular weight). This results in a two-dimensional distribution of 
spots, each of which represents a specific protein species. The use of two-dimensional 
gel electrophoresis in marine toxicology is potentially a very exciting field of study which 
could eventually lead to the development of new biomarkers for field applications.
This section describes the use of this technique to look at differences in protein 
expression in the digestive gland cells of M. edulis derived from two field populations in 
Norway. Mussels were collected from Bergen harbour which is heavily polluted with 
organic chemicals, and from a relatively clean (control) site near the University of Bergen 
Biological Station in Espeland. Freshly isolated mussel digestive gland cells (7 x 10  ^cells 
ml'^) were radiolabelled (24 h incubation) with a cell labelling mix containing radioactive 
amino acids (70% methionine and 30% cysteine). After isoelectric focusing and gel 
electrophoresis, total protein content was first visualized with silver staining, then treated 
with DMSO/PPO for enhanced fluorography, dried and exposed to autoradiography films 
for 2-3 days. In order to obtain quantitative data from 2-D gels, the autoradiographs were 
scanned and analysed with the software package “Molecular Analyst” for molecular 
weight and optical density of selected protein spots.
Examples of typical 2-D protein patterns from mussel digestive gland cells from the 
polluted and the control site are shown in Figure 5.10. Aliquots of 50 |ig protein (from 
S12 supernatants) were separated, revealing over 100 newly synthesized proteins of 
molecular weights of between 10 and 120 kDa and pis of 4-7 showing that the cells were 
metabolically active and that the radioactive amino acids had been taken up into the cells 
during the 24 h incubation. The protein patterns of control and harbour cells were highly 
reproducible but control cells appeared to have a generally stronger metabolic rate (i.e. 
darker staining) than mussels from the polluted site, especially with regard to proteins in 
higher molecular weight regions (above 46 kDa).
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Figure 5.10. Two-dimensional gel electrophoresis of ^ ^S-radiolabelled digestive gland cells 
of mussels derived from a clean (control) site (A) and a polluted (Bergen harbour) site (B). 
Individual protein spots which showed significantly higher synthetic rates in harbour 
mussels compared to control mussels are encircled; their molecular weights are given in 
Table 5.1. The position of the molecular weights standards is indicated. IFF, isoelectric 
focusing migration direction.
Interestingly, despite the lower metabolic rate, cells from harbour mussels showed 
significant increases in individual protein spots in at least 10 locations on the gel. These 
“induced” protein spots are encircled and numbered on Figure 5.10.B, and the 
corresponding locations are shown on the control gel in Figure 5.10.A. Table 5.1 gives a 
summary of the induced protein spots, together with their apparent molecular weight and 
increase in optical density (in percentage compared to control site). The level of 
significance was calculated using a paired, one-tailed Students r-test. The pi of the protein 
spots could not be determined because the gel carrying the pi standards was damaged in a 
malfunctioning gel dryer, but the direction of migration is indicated on the scanned 
autoradiographs in Figure 5.10.
Induced, newly synthesized protein spots in harbour mussels could be divided into two 
main groups: 1) proteins between 40 and 60 kDa apparent M.W. and 2) proteins of 
around 30 kDa apparent M.W. The most conspicuous feature of the 2-D gel was a very 
large protein spot of 46 kDa app. M. W. (with two neighbouring protein spots of the 
same molecular weight) which was not induced in harbour mussels. In a previous 2-D 
study coupled with Western blot analysis, hsp72 were detected in salmon, Salmo salar, 
hepatocytes, but lysis in urea buffer (for 2-D gel electrophoresis) resulted in hsp72 being 
replaced by a 45-46 kDa band, showing that these polypeptides were in fact degraded 
hsp72 proteins (Grpsvik & Gokspyr 1996). However, a 46 kDa protein was also 
observed in the total protein content of BaP-exposed (not urea-treated) cells discussed in 
the previous section and is therefore more likely to be a protein with a high synthesis rate 
such as actin (46 kDa) which has been observed in other mussel 2-D studies using 
radiolabelled gill tissue (Veldhuizen-Tsoerkan et al. 1990). Other 46 kDa proteins were 
strongly induced in harbour mussels (protein spots 3 and 4 in Figure 5.10 and Table
5.1), as well as a 44 kDa (spot 5) and two 56-57 kDa proteins (spots 1 and 2). It is 
possible that these proteins are cytochrome P450s but only a Western blot analysis with 
specific GYP antibodies could give clear evidence. Probing with hsp antibodies would 
also be necessary to rule out the possibility that these proteins are inducible hsps such as 
hsp47 (discussed in previous section) or hsp60 which, in mussel mantle, was found to be
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Table 5.1. Changes in levels of specific cellular proteins separated by 2-D gel 
electrophoresis in digestive gland cells from mussels derived from a control and a 
polluted site.
Values are means ± SD and were calculated from n = 3 replicate gels with */? < 0.1, **/? 
< 0.05 and ***p < 0.01.
" Protein no. App. molecular 
weight (kDa)
* Increase in optical density 
compared to control cells (%)
1 56-57 57.9 ± 32.2 *
2 56-57 17.7 ±7.3 **
3 46 46.4 ± 4.8 ***
4 46 64.1 ± 11.3 **
5 44 46.3 ±9.1 **
6 30 45.6 ± 13.9 **
7 30 47.5 ± 45.3 *
8 33 72.7 ± 22.3 ***
9 32 60.8 ± 12.8 ***
10 30 81.1 ±4.3  ***
136
increased in tissues exposed to copper (Sanders et al. 1991). In the low-molecular weight 
class, five proteins of 30-33 kDa apparent M.W. (spots 6-10) had a higher synthetic rate 
in harbour mussels, with three proteins (spots 8-10) having a 60-80 % higher synthetic 
rate than in control mussels (Table 5.1). Veldhuizen-Tsoerkan et a/.(1990) also found a 
cluster of inducible 30-32 kDa proteins after copper-exposure in mussel, Mytilus edulis, 
gill, and a hsp30 has been described in mussels, Mytilus californianus, exposed to heat 
shock (Roberts et al. 1997). Another stress-protein, hsp32, also called heme oxgenase, is 
inducible by xenobiotics but not by heat (Sanders 1993). In salmon hepatocytes, hsp32 
(30 kDa) was strongly inducible after exposure to arsenite and heavy metals (Grpsvik & 
Goks0yr 1996). Other biotransformation enzymes in this weight range include GSTs 
(25-30 kDa) which are known to be induced by xenobiotics (Stegeman et al. 1992; also 
see chapter 6). Although complete identification of the inducible proteins was not 
possible here, the 2-D gel electrophoresis study showed that this technique can be used to 
look at the total synthetic rate of proteins and for identifying differences in protein 
expression in field populations of mussels.
5.5 D iscussion
Two polyclonal antibodies against fish CYPIA were used in a Western analysis to detect 
molluscan CYPlA-like protein in mussel digestive gland cells. In fish, the rabbit anti-cod 
P4501A antiserum cross-reacts with the P4501A homologue in a wide range of fish 
species and binds to an immunopositive protein of 54-58 kDa region (Goks0yr et al. 
1991). The other antibody against CYPIA, BN-1, is an IgG-fraction isolated from 
antiserum and reacts against peptides corresponding to conserved sequences of fish 
CYPIA. With BN-1, some non-specific binding occurs and therefore this antibody is 
only recommended for Western blot for some fish species (Biosense, product 
description). In mussel digestive gland cells, the antibodies recognized two weakly 
stained bands of 54 and 58 kDa apparent M.W. which were also just visible in silver 
stained 1-D gels (total protein content) using S12 cell supernatants. These bands were 
only visible in ECL-treated blots and were too weak to become visible in blots stained
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with HRP Colour Development. In BaP-exposed mussel digestive gland cells, the 54 and 
58 kDa protein band intensities were elevated compared to control cells, and the 58 kDa 
bands also appeared elevated in silver-stained 1-D gels, showing that the induction was 
real and not due to the quality of the Western blots. Another immunopositive band, cross­
reacting with only one of the two CYPIA antibodies employed, was identified as a 48 
kDa protein which showed slight elevations in BaP-treated cells, but to a lesser extent 
than the 54-58 kDa proteins. The 54-58 kDa proteins are similar to fish CYPIA (54-58 
kDa; Goksoyr et al. 1991) and similar to proteins previously identified as M. edulis 
cytochrome P450 (53-54 kDa; Kirchin 1988; Porte et al. 1995). These authors also 
investigated the spectral properties of the purified preparation for P450 content 
(haemoprotein peak at 450 nm in the reduced carbon monoxide difference spectrum) and 
the metabolism of BaP in a reconstituted system using the partially purified protein 
(Kirchin 1988, Porte et al. 1995). Western blotting with an anti-perch CYPIA antibody 
of the partially purified preparation gave a single band of approximately 54 kDa (Porte et 
al. 1995), similar to an immunopositive band obtained in the Western analysis of 
digestive gland microsomes of the chiton C. stelleri probed with anti-trout CYPIA 
(Schlenk & Buhler 1989). A 48 kDa protein has recently been described as a molluscan 
CYPlA-like protein which was induced in mussels from sites closest to the Aegean Sea 
oil spill off the Spanish coast (Sole et al. 1996) and in a laboratory experiment with in 
vivo exposure of mussels to Arochlor 1254, a PCB mixture (Livingstone et al. 1997). 
Other studies, using the same Western analysis technique and the same perch CYPIA 
antibody, reported high interindividual variability of the 48 kDa protein in mussels 
exposed to BaP (Canova et al. 1998) or no induction in mussels transplanted to a 
contaminated site in the Skagerrak (Sole et al. 1998) and no significant induction in 
mussels from an industrial site in Venice Lagoon (Livingstone et al. 1995). No 
information exists on the specificity of the anti-perch CYPIA antibody used to recognize 
the molluscan CYPlA-like protein in these studies, or whether one or more cytochrome 
P450 forms were recognized. In the present study, both anti-fish CYPIA antibodies 
showed strong background staining and a high degree of non-specific binding to proteins 
other than CYPIA in S12 supernatants from mussel digestive gland cells, which made the
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analysis of the gels difficult. In addition, the antibodies cross-reacted with proteins which 
also appeared inducible, i.e. a 90 kDa protein showed elevated band volumes in DMSO 
and BaP-treated cells.
Proteins other than CYPIA are known to be involved in protecting cells against 
xenobiotic exposure and other environmental stresses, most notably members of the heat- 
shock protein family which comprises numerous proteins of different size classes with a 
wide distribution in tissues and organisms (Stegeman et al. 1992, Sanders 1993). Heat 
shock and other stressors can act as inducers of hsps, i.e. hsp90 was newly synthesized 
in mussel gill tissue after exposure of mussels Mytilus sp. during low tide (Hofmann & 
Somero 1996, Roberts et al. 1997). However, hsp90 is generally regarded as a poor 
biomarker of environmental stress as it is an only weakly inducible protein which is 
present at low concentrations in unstressed cells (Stegeman et al. 1992). In contrast, the 
hsp70 proteins are seen as more reliable biomarkers of stress. In BaP-exposed mussel 
digestive gland cells, an anti-human hsp70 antibody cross-reacted with 78, 50, 48, 43, 
40 and 32 kDa proteins. The strongest binding was to the 78 kDa protein which appeared 
elevated in cells exposed to BaP, and which may be an equivalent to mammalian grp78, a 
mitochondrial stress-protein belonging to the hsp70 class but inducible by metabolic 
stress. Analysis of the 48 kDa protein showed this protein to be elevated in cells exposed 
to 50 and 100 |iM BaP, but not in DMSO or 200 \iM BaP. Other studies have described 
an inducible hsp47 in molluscan tissues but information on this particular hsp is restricted 
as most work has concentrated on the major hsp classes such as hsp90, hsp70 and hsp60 
(Sanders 1993).
To further investigate the potential of applying mussel digestive gland cells in biomarker 
studies, especially with a view to field application, a two-dimensional gel electrophoresis 
study was earned out to look at the expression of newly synthesized proteins in two field 
populations of mussels collected from a clean and from a polluted site. The 
autoradiographs showed a highly reproducible distribution pattern of up to 100 different 
proteins. Significant differences in the band volume intensity of 10 proteins were found
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in mussels from the polluted site compared to control mussels although the control 
mussels appeared to have a generally higher synthetic rate, especially with regard to 
proteins of higher molecular weight. These 10 elevated proteins were two 56-57 kDa, 
two 46 kDa (possibly isoforms), one 44 kDa, one 33 kDa, one 32 kDa and three 30 kDa 
proteins. The highest elevations were observed in the proteins of low molecular weight,
i.e. 30-33 kDa. Identification of these proteins may be possible by carrying out 2-D 
Western analysis with various (specific) antibodies but this work was not attempted due 
to limited time during my stay in Norway. These results show, however, that mussels 
have a range of proteins in the digestive gland which may be induced by chronic exposure 
to xenobiotics. Some protein spots separated by 2-D analysis (i.e. 56-57 kDa) were 
similar to proteins cross-reacting with anti-fish CYPIA antibodies, but comparison of 
these is difficult as the samples were treated differently (SDS-boiled, unlabelled vs. urea- 
treated, radioactively labelled), possibly resulting in different migration patterns of the 
proteins.
In conclusion, it has become apparent from the work described in this chapter that the use 
of polyclonal antibodies raised against fish CYPIA showed a high degree of non-specific 
binding to proteins other than CYPIA in the Western blot analysis of molluscan tissues. 
An intriguing aspect is the possibility that these antibodies, due to their relatively low 
specificity, may cross-react with several molluscan heat-shock proteins which may also 
be induced after exposure to xenobiotics. This implies that there are antibodies directed 
against hsp in the antibody gallery of a fish CYPIA Pab and/or that a relationship exists 
between hsps and CYP proteins. However, it is generally very difficult to interpret 
anything from non-specific reactions of an antibody and no data exists to my knowledge 
that would indicate such a relationship. The 2-D analysis showed that at least 10 proteins 
(5 of which are in the 40-60 kDa group) may be induced in chronically contaminated 
mussels; whether these are cytochrome P450 enzymes, hsps or other proteins remains to 
be examined. Use of microsomal or partially purified CYP preparations would eliminate 
some of the unwanted non-specific inducible proteins for CYPIA Western blot studies; 
however, primary cell cultures (where cells are only maintained and do not divide)
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usually do not provide enough material to obtain microsomal or purified preparations. In 
addition, some hsps (i.e. hsp70 and hsp60) are located in the endoplasmic reticulum 
(Sanders 1993) and would therefore be present as “contaminants” in microsomal 
preparations, and possibly in partially purified preparations (A. Gokspyr, pers. comm.). 
No conclusions can therefore be drawn as to whether the BaP-inducible 48, 54 and 58 
kDa proteins cross-reacting with two different anti-fish CYPIA antibodies in this chapter 
are indeed CYPIA proteins, and whether other cytochrome P450 proteins (i.e. 46, 44 
kDa; see 2-D study) exist. Further studies need to be carried out, preferably towards a 
complete purification of molluscan cytochrome P450s (which will also eventually lead to 
the production of more species-specific anti-mollusc CYPIA antibodies) in order to shed 
light on the molecular weight and characteristics of cytochrome P450 enzymes in marine 
invertebrates.
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CHAPTER 6.
METABOLISM OF FENITROTHION AND ENZYME MODULATION IN 
CRAYFISH AND MUSSEL CELL CULTURES
6.1  Introduction
Fenitrothion is a commonly used organophosphate pesticide in agricultural areas (Blat et 
al. 1988). Its toxicity is mediated by oxidative biotransformation (cytochrome P450 
and/or FMO-catalysed) to the toxic metabolite, fenitrooxon, which inhibits acetylcholine 
esterase (AChE) by mimicking the neurotransmitter acetylcholine (Eto 1974); this 
inhibition may lead to paralysis and death of non-target organisms such as crustaceans. 
The red swamp crayfish, Procambarus clarkii, was introduced to Spain several decades 
ago and now displaces the local species Astacus fluvialis in the rice fields of the Ebro 
delta. Cell culture techniques developed for digestive gland of mussel {Mytilus edulis) 
(see chapter 3) were modified for application to M. edulis gill and P. clarkii 
hepatopancreas, in order to study the comparative effects of fenitrothion in two major 
groups of aquatic invertebrates, molluscs and crustaceans. Fenitrothion studies were 
carried out on the major biotransformation organ (hepatopancreas) of P. clarkii (Jewell & 
Winston 1989, Winston et al. 1993) and digestive gland and gill of mussel (Livingstone 
1991a) using primary cell cultures to demonstrate their proposed advantages over 
subcellular fractions or over whole animals. The presence of MFO (7-ethoxyresorufin O- 
deethylase), detoxification (glutathione ^'-transferase) and cholinesterase (acetylcholine 
esterase, carboxyl esterase) activities, the inhibitory or stimulatory effect of fenitrothion 
on these enzyme activities, and the effect of enzyme-inhibitors on fenitrothion metabolism 
were studied in P. clarkii and M. edulis primary cell cultures. Results from this study 
may aid risk assessment for organophosphate pesticides and contribute to further 
development of invertebrate cell cultures as toxicological tools.
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This study was carried out in collaboration with Ms Estefania Escartin and Dr Cinta Porte 
at the C.I.D., C.S.I.C., Barcelona, Spain, under the tenure of a British Council Acciones 
Integradas 1996/1997 collaborative grant to Dr David R Livingstone (PML) and Dr Cinta 
Porte (CID). All crayfish work was carried out in Barcelona by myself (development of 
primary cell culture, enzyme assays, metabolism inhibition exposure experiments, 
metabolite extraction) and Dr Porte/Ms Escartin (metabolite extraction). All mussel work 
was carried out in Plymouth by myself (development of primary cell culture, enzyme 
assays, metabolism inhibition exposure experiments) and Dr Porte/Ms Escartin 
(metabolite extraction, enzyme assays). All GC metabolite identification was carried out 
by Ms Escartin in Barcelona.
6 .2  Fenitrothion studies in red swamp crayfish (P. clarkii) hepato­
pancreas cells
6 .2 .1  Cell characteristics and viability of crayfish hepatopancreas 
cells
The development of the primary cell culture of P. clarkii hepatopancreas was based on the 
dissociation protocol for mussel digestive gland cells but the dissociation in CMFS did 
not yield sufficient cells and had to be modified. Figure 6.1 shows the cell yield and 
viability of a cell suspension of crayfish hepatopancreas using different enzymic 
dissociation methods. Best results were obtained when the tissue was soaked in 0.1 % 
trypsin overnight at 4°C and dissociated the next day at room temperature for 2 h (cold 
trypsination). Similarly good yields in cell numbers and viability were achieved with a 
0.1 % protease (= dispase, from Bacillus poly my xa. Sigma) dissociation at room 
temperature for 2 h. As trypsin had shown to cause DNA damage in mussel digestive 
gland cells (see chapter 3), protease was chosen as the routinely used enzyme for the 
dissociation protocol. Initially, only smaller cell types were obtained after dissociation, 
indicating that large cells had been damaged by suboptimal dissociation conditions such
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Figure 6.1. Cell yield and viability of a mixed-cell suspension of crayfish hepatopancreas 
dissociated in calcium-magnesium-free saline (CMFS), in 0.1 % trypsin at room 
temperature, in 0.1 % trypsin overnight at 4”C (cold trypsin) or in 0.1 % protease at room 
temperature.
Values are means ± SD (n =3 dissociations).
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as too low or high osmolarity of the dissociation medium or too high centrifugal force. 
Only after optimization of these variables, were all crustacean hepatopancreas cell types 
(E, R, F and B cells) (Barker & Gibson 1978) found in the cell suspensions. The final 
dissociation protocol produced a mixed-cell population of hepatopancreas cells at a 
viability of 80-90 % with an approximate cell yield of 2-5 x 10  ^cells per g wet weight. 
Unlike mussel digestive gland cells, crayfish hepatopancreas cells were easily 
distinguishable by light microscopy (40 x magnification). Figures 6.2 - 6.3 show the 
various cell types derived from a crayfish species (Pacifastacus leniusculus) related to P. 
clarkii (no P. clarkii were available in Plymouth where the pictures were taken; P. 
leniusculus cell suspensions were obtained by the same procedures as for P. clarkii). 
Small, embryonic E cells were seen in groups or as single cells in the suspension (Figure 
6.2); in vivo, these cells sit in clusters in the distal tip of each hepatopancreas tubule (see 
chapter 1, Introduction). They differentiate into 2 cell types: the storage or resorptive R 
cells (Figure 6.3 A) and absorptive or fibrillar F cells (Figure 6.3 B). Whereas R cells 
contained many vesicles, F cells were distinguished by the presence of a single 
supranuclear vacuole. It is believed (see Introduction) that this vacuole gradually becomes 
larger when F cells differentiate into secretory or blister B cells (Figure 6.3 A). B cells 
contained one large vacuole which occupied most of the interior of the cell. Viability of P. 
clarkii hepatopancreas cells in physiological saline remained at over 80 % after 12 h.
6 .2 .2  Biotransformation and esterase enzyme activities in crayfish 
hepatopancreas cells compared to tissue
Acetylcholine esterase (AChE), glutathione S-transferase (GST) and 7-ethoxyresorufin 
(9-deethylase (EROD) specific activities (per mg protein) in 10,000g supernatants of the 
mixed-cell suspension of crayfish hepatopancreas were compared to the same subcellular 
fraction of homogenized tissue (Table 6.1). The cell AChE and GST activities were 50-60 
% lower than in 10,000g supernatants of homogenized tissues possibly due to changes in 
cell composition with tissue dissociation (the larger cells appeared to be more fragile than 
smaller cells). EROD activity in cells was detected only after optimization of the cell
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Figure 6.2. Embryonic cells in a mixed-cell suspension of crayfish P. leniusculus 
hepatopancreas (magnification x 40).
oB w
;o.
V.
0&oob
Figure 6.3. Isolated mixed-cell suspension of crayfish P. leniusculus hepatopancreas. A, 
resorptive (r) and blister cells (b). B, fibrillar cells (f) (magnification x 40).
dissociation protocol (see previous section), hence the enzyme activity seemed to depend 
on the presence of larger cells (B, F, R cells). Indeed, Lee (1986), when separating the 
various hepatopancreas cell types in blue crab, Callinectes sapidus, after a method 
developed by Ahearn et al. (1983), found that cytochrome P450 was present in F and B 
cells, but not in E or R cells. Cell EROD activity in the present study was similar to 
values recorded for whole hepatopancreas microsomes of P. clarkii (0.70 ± 0.60 pmol 
min* )^ (Escartin & Porte 1996) but much higher than in tissue 10,000g supernatant (Table
6 .1 ), possibly due to high protein content in the tissue sample.
6 .2 .3  Effect of fenitrothion on biotransformation and esterase 
enzyme activities in crayfish hepatopancreas cells
Before the enzyme activities were measured in fenitrothion-exposed cells, a toxicity test 
was carried out (Figure 6.4) in order to determine whether the concentrations of 
fenitrothion used in this study were toxic to the cells. After 12 h incubation in 0.5, 1 or 5 
|iM fenitrothion, there was no effect on viability in hepatopancreas cells exposed to 
fenitrothion (vehicle: DMSO) as compared to control cells (in physiological saline). No 
vehicle was added to the control because in the exposed cells, the vehicle concentration 
never exceeded 0.05 %.
In cells exposed to 0.5, 1 or 5 pM fenitrothion over 12 h, AChE and EROD activities 
were markedly inhibited (respectively, up to 84 and 78 %), whereas GST activity was 
moderately elevated (50 % increase) (Figure 6.5). Similar in vivo responses have been 
seen in whole animal exposures of P. clarkii for neuromuscular AChE activity (54 % 
inhibition; 20 pg litre"  ^fenitrothion for 48 h) (Escartin & Porte 1996) and hepatopancreas 
GST activity (100 % increase; 2.45 pg litre"  ^fenitrothion for 6  h) (Blat et al. 1988). The 
inhibition of EROD activity in isolated cells is in contrast to increased activity seen in 
hepatopancreas microsomes following whole animal exposures to fenitrothion (Escartin 
& Porte 1996). However, reduced monooxygenase (p-nitroanisole G-demethylase) 
activity and reduced cytochrome P450 levels have been reported in fenitrothion studies
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Table 6.1. Specific activities of acetylcholine esterase, glutathione S-transferase and 7- 
ethoxyresorufin 0 -deethylase of 1 0 ,0 0 0 g supernatants of a mixed-cell population of 
isolated crayfish P. clarkii hepatopancreas cells and homogenized tissue.
Enzyme Specific activities in
hepatopancreas tissue hepatopancreas cells
Acetylcholine esterase 
(nmol min'^ mg'^ protein)
16.84 ± 0.75 7.0 ± 0.75
Glutathione 5-transferase 
(|imol min'^ mg'^ protein)
1.41 ±0.38 0.68 ± 0.03
7-Ethoxyresorufin 0-deethylase 
(pmol min'^ mg’  ^protein)
0.04 ± 0.02 1.07 ± 0.05
Values are means ± SD (n = 3).
100-r
60 --_o
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|iM fenitrothion
Figure 6.4. In vitro toxicity test. Effect of 0, 0.5, 1 and 5 |iM fenitrothion (12 h 
exposure) on the viability (eosin Y exclusion) of a mixed-cell population of crayfish P. 
clarkii hepatopancreas cells.
Values are means ± SD (n = 3 cell batches).
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Figure 6.5. Acetylcholine esterase, glutathione-5-transferase and EROD specific activities 
of 10,000g supernatants of the mixed-cell population of crayfish P. clarkii 
hepatopancreas cells following exposure to fenitrothion for 1 2  hours.
Values are means ± SD (n = 3-5). * p < 0.05 compared to control.
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with rat microsomes and are believed to be due to inhibition of the MFO system by 
reactive sulphur released during desulphuration of fenitrothion to fenitrooxon (Levi et al.
1988).
6.2 .4  Metabolism of fenitrothion in crayfish hepatopancreas cells 
and effect of enzyme inhibitors
Isolated hepatopancreas cells metabolized fenitrothion to fenitrooxon and 3-methyl-4- 
nitrophenol (Table 6.2 - 6.4). After 12 hours, approximately 60-75 % of the remaining 
fenitrothion in the control (killed) cells had been metabolized by the exposed (live) cells, 
corresponding to 350-390 pmol per 10  ^cells (calculated from Figures 6.3 and 6.4). Of 
this amount, 100-180 pmol (30-45 %) per 10  ^cells was metabolized to fenitrooxon, and 
130-290 pmol (37-75 %) per 10  ^cells was metabolized to the phenol metabolite.
As 10  ^cells yield approximately 0.24-0.5 mg protein, the cellular rate of metabolism in 
isolated hepatopancreas cells can be tentatively compared to the rate of metabolism per mg 
protein previously demonstrated in crayfish hepatopancreas microsomes (Escartin & 
Porte 1996). A 60 min incubation of crayfish hepatopancreas microsomal fractions with 5 
pM fenitrothion resulted in about 2 0 0 0  pmol fenitrothion being metabolized to 2 0 0  pmol 
fenitrooxon and 1200 pmol phenol per mg protein (data from Figure 3, Escartin & Porte 
1996). This compares with a 12 h incubation of isolated hepatopancreas cells with 5 pM 
fenitrothion resulting in 700-1625 pmol fenitrothion being metabolized to 200-750 pmol 
fenitrooxon and 260-1200 pmol phenol per mg protein of isolated hepatopancreas cells 
(recalculated from above data). Considering that the two data sets are not directly 
comparable (cell culture vs. microsomal preparations, 1 2  h vs. 60 min incubation), the 
results are remarkably similar. It appears, however, that cells produced more fenitrooxon 
than microsomal preparations, relative to the amounts of fenitrothion metabolized, but this 
difference could be due to different incubation times. Another important difference 
between the two studies - which could affect metabolism - is that phase II metabolism
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Table 6.2. Time-course study of the metabolism of fenitrothion by isolated crayfish P. 
clarkii hepatopancreas cells (mixed-cell population containing E, R, F and B cells).
Fenitrothion
(nmol)
Fenitrooxon
(nmol)
3-methyl-4-nitrophenol
(nmol)
killed cells'* (9.3 ±0.18) 0 0
live cells 2  h^ 6.0 ± 0.38 0.104 ± 
0.03
0.41 ± 0 . 0 2
live cells 6  h‘^ 5.88 ±0.18 0.13 ±0.01 0.37 ± 0.03
live cells 1 2  h*' 4.44 ± 0.08 0.125 ± 0 1.04 ± 0.04
Samples contained 9.6 x 10 cells per incubation at 93 % viability.  ^ Cells killed by 
addition of ethylacetate at time zero and left for 12 h, 0.5 pM fenitrothion was added just 
before the experiment was terminated;  ^cells incubated with 0.5 pM fenitrothion for 2 
hours;  ^cells incubated with 0.5 pM fenitrothion for 6  hours.  ^cells incubated with 0.5 
pM fenitrothion for 12 hours. Values are means ± range (n=2).
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Table 6.3. Metabolism of fenitrothion by isolated crayfish P. clarkii hepatopancreas cells 
(mixed-cell population containing E, R, F and B cells) in absence and presence of the 
cytochrome P450 lA-inhibitor a-naphthollavone.
Fenitrothion Fenitrooxon 3-metliyl-4-niti‘ophenol
(nmol) (nmol) (nmol)
killed cells'* 5.6 ±  0.78 0 0
live cells^ 2 . 2 1  ±  
0.16**
0.98 ±0.16 1.26 ±  0.07
live cells 4- a-naphthoflavone ^ 4.02 + 0.11* 1.34 ±0.1 1.27 ±0 .09
Samples contained 9.5 x 10 cells per incubation at 93 % viability.  ^ Cells killed by 
addition of ethylacetate at time zero and incubated with 5 pM fenitrothion for 12 hours;  ^
cells incubated with 5 pM fenitrothion for 12 hours;  ^cells incubated with 5 pM 
fenitrothion and 100 pM a-naphthoflavone for 12 hours. Values are means ± SD (n=3). 
* p < 0.1, ** /? < 0.05 compared to killed cells.
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Table 6.4. Metabolism of fenitrothion by isolated crayfish P. clarkii hepatopancreas cells 
(mixed-cell population containing E, R, F and B cells) in absence and presence of the 
FMO-inhibitor methimazole.
Fenitrothion
(nmol)
Fenitrooxon
(nmol)
3-methyl-4-nitrophenol
(nmol)
killed cells'* 5.24 + 0.31 0 0
live cells^ 1.21 + 
0.02**
1.9 ±  0.06 3.03 ±0.21
live cells + methimazole 1.46 ± 
0.28**
1.86 ±0.32 2.96 ±  0.09
Samples contained 10.4 x 10 cells per incubation at 83 % viability. " Cells killed by 
addition of ethylacetate at time zero and incubated with 5 pM fenitrothion for 12 hours;  ^
cells incubated with 5 pM fenitrothion for 12 hours; ‘'cells incubated with 5 pM  
fenitrothion and 100 pM methimazole for 12 hours. Values are means ± SD (n=3). ** p  
< 0.05 compared to killed cells.
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(i.e. cytosolic glutathione S-transferase) will be present in the cells but not in microsomal 
preparations.
In cells incubated with fenitrothion and the CYPlA-inhibitor a-naphthoflavone, the 
disappearance of fenitrothion was reduced 53 % (Table 6.3). However, the formation of 
3-methyl-4-nitrophenol was not affected and the P450-dependent metabolite, fenitrooxon, 
even appeared to be slightly stimulated. The addition of 90 |iM a-naphthoflavone to a 
microsomal preparation inhibited EROD activity but failed to inhibit fenitrothion 
metabolism in crayfish hepatopancreas (Bscartin & Porte 1996). Although a - 
naphthoflavone inhibits specifically CYPIA, it is known to stimulate other P450s (James
1989). Highest MFO activities in crustaceans are associated with the CYP2B subfamily 
(James 1989), but it is not known which P450s are responsible for catalyzing the 
formation of the oxon metabolite and/or for metabolising the parent compound. Our 
findings may therefore indicate the involvement of several cytochrome P450 forms in the 
metabolism of fenitrothion and/or desulphuration to fenitrooxon.
Isolated crayfish hepatopancreas cells were also incubated for 12 h with 5 fxM 
fenitrothion and 100 |iM methimazole, an inhibitor of flavin-containing monooxygenase 
(FMO) activity (Table 6.4). Methimazole had no effect on fenitrothion disappearance, 
indicating no major involvement of FMO. An induction study with 6-naphthoflavone 
(hepatopancreas cells were incubated with 100 |iM 6-naphthoflavone for 12 h with 
subsequent incubation with 5 |iM fenitrothion for 4 h) did not result in any increase of 
fenitrothion metabolism or metabolites produced (data not shown). This is consistent with 
other crayfish induction studies where B- naphthoflavone had no effect on P450 content 
or MFO activity (Lindstrom-Seppa & Hânninen 1986).
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6 .3  Fenitrothion studies in mussel (Mytilus edulis) digestive gland cells
6.3 .1 Biotransformation and esterase enzyme activities in mussel 
digestive gland cells versus tissue
Specific activities of AChE, GST and carboxyl esterase (CbE) in mussel digestive gland 
cells are given in Table 6.5. Cell enzyme activities in 10,000g supernatants were 
consistently lower (30-40 %) than activities in the same subcellular fraction of 
homogenized tissue which may reflect a change in cell composition, as discussed earlier. 
Digestive gland esterase specific activities were very similar to previously recorded 
values, i.e. 4 and 152 nmol min‘* mg'^ protein for AChE and CbE, respectively (Escartin 
& Porte 1997). There was no measurable BPH activity in cell or tissue 10,000g 
supernatant.
6 .3 .2  Effect of fenitrothion on biotransformation and esterase 
enzyme activities in mussel digestive gland cells
The enzyme activities of AChE, GST and CbE were examined in mussel digestive gland 
cells exposed to 5 |iM fenitrothion for 2 and 12 h (time-course experiment. Figure 6.6) 
and in cells exposed to a range of fenitrothion concentrations (5, 10 and 50 jiM) for 2 h 
(Figure 6.7). All enzyme activities showed time- and fenitrothion concentration- 
dependent changes in specific activities but only the concentration-dependent changes of 
AChE and CbE were significantly different to the respective control values. AChE and 
CbE activities were inhibited, respectively, 10.4 and 25.7 % after 12 h exposure to 5 |iM 
fenitrothion. AChE and CbE inhibition increased with higher fenitrothion concentrations, 
i.e. AChE and CbE activities were inhibited 36 % and 86 % (50 jiM fenitrothion), with 
CbE showing a greater sensitivity to fenitrothion than AChE (Figure 6.7). The lower 
inhibition for AChE compared to CbE activities with fenitrothion had been previously 
observed in 12,000g supernatants of mussel digestive gland (Escartin & Porte 1997). 
Despite a loss of GST activity in control cells over time, GST activity in fenitrothion-
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Table 6.5. SpeciEc activities of acetylcholine esterase, glutathione S-transferase and 
carboxyl esterase in l(),0()0g supernatants of freshly isolated mussel M. edulis digestive 
gland cells compared to homogenized tissue.
Enzyme Specific activities in
digestive gland tissue digestive gland cells
Acetylcholine esterase 
(nmol min'^ mg'^ protein)
2.68 ±0.15 1.75 ± 0.41
Glutathione S-transferase 
(nmol min’  ^mg'^ protein)
18.9 ± 2.33 11.97 ± 1.46
Carboxyl esterase 
(nmol min" ^ mg ' protein)
149.5 ± 26.2 106 ± 3.2
Values are means ± SD (n = 3).
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Values are means ± SD (n = 3).
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exposed cells was increased 19.5 % after 12 h (Figure 6.6). With higher fenitrothion 
concentrations, GST was increased 10.8 % (10 pM fenitrothion) and 11 % (50 pM 
fenitrothion) after 2 h (Figure 6.7). These increases were lower than after the 12 h 
incubation to 5 pM fenitrothion (Figure 6.6), indicating that the mechanisms for GST 
activity elevation required a certain time-span to take place, whereas AChE and CbE are 
directly inhibited by fenitrothion and/or fenitrooxon.
6 .3 .3  Metabolism of fenitrotbion in mussel digestive gland cells 
and effect of enzyme inhibitors
Mussel digestive gland cells metabolized fenitrothion to fenitrooxon but not to the phenol 
metabolite (Tables 6.6 and 6.7). The amount of recovered parent compound and oxon 
metabolite seemed to plateau after 6 h, indicating that most metabolism took place 
between 2 and 6 h (Table 6.6). After 12 hours, between 5-17 % of the remaining 
fenitrothion in the control (killed) cells had been metabolized by the exposed (live) cells, 
corresponding to 20-56 pmol per 10  ^cells. Of this amount, only 5-15 % (2.8-3 pmol per 
lO'^  cells) was metabolized to fenitrooxon.
The addition of the CYPIA-inhibitor a-naphthoflavone almost completely inhibited 
fenitrothion metabolism (99 %) and oxon production (83 %), whereas the more general 
P450-inhibitor clotrimazole had no effect on fenitrothion metabolism but completely 
inhibited oxon formation (100 %) (Table 6.7). Clotrimazole and a-naphthoflavone are 
indicated to be potent inhibitors of certain cytochrome P450-dependent metabolism of 
xenobiotics (Livingstone et al. 1990, Livingstone et al. 1997). In mussel digestive gland, 
clotrimazole inhibits microsomal one-electron oxidation of the PAH benzo[a]pyrene 
(BaP) to quinones (major pathway in mussels) whereas a-naphthoflavone inhibits two- 
electron monooxygenation of BaP to phenols and diols (Livingstone et al. 1997, 
Mitchelmore et al. 1998b). The findings in mussel digestive gland cells are in contrast to 
crayfish hepatopancreas cells where a-naphthoflavone did not inhibit but appeared to 
stimulate the formation of fenitrooxon. Few data on organophosphate pesticide
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Table 6.6. Time-course of metabolism of fenitrothion and appearance of metabolites in 
mussel M. digestive gland cells.
Fenitrothion
(nmol)
Fenitrooxon
(pmol)
3-methyl-4- 
nitrophenol (nmol)
killed cells“
7.81 ± 0.70 0 n.d.
live cells 2 h''
6.75 ±0.13 11.0 ±0 .7 n.d.
live cells 6 h^
6.36 ± 0.07 65.5 ± 6.9 n.d.
live cells 12 h^
6.44 ±0.13 67.1 ± 3.7 n.d.
Samples contained 22 x 10' cells per incubation at 92.5 % viability.  ^ Cells killed by 
addition of ethylacetate at time zero and incubated with 5 |iM fenitrothion for 12 h; cells 
incubated with 5 pM fenitrothion for 2 hours;  ^cells incubated with 5 pM fenitrothion for 
6 hours.  ^cells incubated with 5 pM fenitrothion for 12 hours. Values are means ± range 
(n=2). n.d. not detectable.
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Table 6.7. Metabolism of fenitrothion by isolated mussel M. edulis digestive gland cells 
in absence and presence of the cytochrome P450-inhibitors a-naphthoflavone and 
clotrimazole.
Feniti'otliion
(nmol)
Fenitrooxon
(pmol)
3-methyl-4- 
niti'ophenol (nmol)
killed cells'* 7.26 ±0.14 n.d. n.d.
live cells'’ 6.91 ±0.03* 52.04 ± 12.92 n.d.
live cells + a-naphthoflavone*^ 7.22 ±0.19 8.74 ± 5.86** n.d.
live cells + clotrimazole‘' 6.86 ±0.1* n.d. n.d.
Samples contained 17.3 x 10 cells per incubation at 95 % viability.  ^ Cells killed by 
addition of ethylacetate at time zero and incubated with 5 pM fenitrothion for 12 hours;  ^
cells incubated with 5 pM  fenitrothion for 12 hours; cells incubated with 5 pM  
fenitrothion and 5 pM a-naphthoflavone for 12 hours, ‘'cells incubated with 5 pM  
fenitrothion and 5 pM clotrimazole for 12 hours. Values are means ±  SD (n=3). n.d., not 
detectable.
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metabolism in molluscs are available. In the pond snail Cipangopaludina japonica, the 
main fenitrothion metabolites found in whole body extractions were dimethylfenitrothion 
(21 %), 3-methyl-4-nitrophenyl sulfate (9 %) and 3-methyl-4-nitrophenol (6 %) besides 
several other metabolites (Takimoto et al. 1987). Fenitrooxon was below the detection 
limit (<0.1 %) but was found in the water. The formation of fenitrooxon was detected in 
another freshwater snail, Physa acuta, where it amounted to 0.3-0.4 % of total 
metabolites formed (Takimoto et al. 1987). These data suggest that M. edulis digestive 
gland cells were much more active with regard to fenitrooxon production than the two 
freshwater snails, but, also, that other compounds such as the phenol metabolite should 
be expected but were not found or identified in the present study. Compared to crayfish 
hepatopancreas, fenitrothion metabolism and metabolite formation in mussel digestive 
gland cells was much lower. Molluscan fenitrothion metabolism and fenitrooxon 
formation amounted to only about 1/10 and 1/50, respectively, of crustacean metabolism 
(values recalculated from data presented in sections 6.2.4 and 6.3.3). This is perhaps to 
be expected from the generally much lower MFO content and activities found in Mollusca 
compared to Crustacea (Livingstone 1991a).
6.4.  Fenitrothion studies in mussel (Mytilus edulis) gill cells
6 .4.1 Cell characteristics and viability of mussel gill cells
A dissociation protocol developed for M. edulis digestive gland cells was modified for 
obtaining viable mussel gill cells. Enzymic dissociation (0.1 % protease) produced a 
suspension of flagellated gill cells with over 90 % viability at a yield of 9-10 x 10  ^cells 
per g wet weight. The tissue did not completely dissociate (hence the lower yield of cells 
compared to digestive gland). Viability in physiological saline remained at over 90 % after 
12 h although some of the cells appeared to lose their flagella and/or became nonmobile. 
Explant cultures (in modified culture medium, as for digestive gland cell suspensions) 
were also inititated and cells were found to remain viable for more than 4 weeks (Figure
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6.8). For fenitrothion studies, gill cells were maintained in suspension culture for up to 
12 hours.
6 .4 .2  Biotransformation and esterase enzyme activities in mussel 
gill cells versus tissue
Enzyme specific activities (per mg protein) in 10,000g supernatants of gill cells compared 
to the same subcellular fraction from gill tissue are shown in Table 6.8. In gill cells, 
AChE and CbE specific activities were 35-40 % lower than in 10,000g supernatants from 
homogenized gill tissue. Gill cell AChE specific activity was up to 10-fold higher than in 
digestive gland cells (Table 6.5), whereas gill cell CbE showed lower activities than in 
digestive gland cells (Table 6.5). The same activity pattern of these enzymes and very 
similar activities were observed in microsomal preparations from homogenized mussel 
digestive gland and gill tissue (Escartin & Porte 1997). However, M. edulis from an 
unpolluted loch in Scotland, contained 2-fold higher gill AChE levels (600 U/min/mg 
protein corresponding to approx. 44 nmol/min/mg protein) (McHenery et al. 1997). The 
sampling site for the current study (Whitsand Bay, Cornwall) is located in an agricultural 
area where, although generally regarded as a clean site, run-off from the fields may 
contribute to a slight contamination of the water with pesticides, possibly causing lower 
AChE levels. Other factors which could contribute to the observed difference in AChE 
activity are seasonal or sex differences which are known for many biotransformation and 
other enzymes in bivalve molluscs (Livingstone 1991a, Kirchin et al. 1992, Sole et al.
1995).
6 .4 .3  Effect of fenitrothion on biotransformation and esterase 
enzyme activities in mussel gill cells
In gill cells incubated with 5 jiM fenitrothion, similar enzyme activity changes were found 
as in mussel digestive gland and crayfish hepatopancreas cells. Both AChE and CbE were 
inhibited (36 % and 23 %, respectively), whereas GST activity was increased (11 %)
164
o i.
Figure 6.8. Isolated M. edulis gill cells in culture for 4 weeks (magnification x 40).
Table 6.8. Specific activities of acetylcholine esterase and carboxyl esterase in 10,000g 
supernatants of freshly isolated M. edulis gill cells compared to homogenized tissue.
Enzyme Specific activities in
gill tissue gill cells
Acetylcholine esterase 
(nmol m in ' mg ' protein)
19.4 ±3.14 10.83 ± 1.48
Carboxyl esterase 
(nmol min ' mg ' protein)
61.5 ± 10.04 39.87 ± 1.94
Values are means ± SD (n = 3).
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(Figure 6.9). AChE activity in gill cells was inhibited to a greater extent than digestive 
gland AChE (10 %, see Figure 6.6) or gill CbE. In contrast, CbE (50 % inhibition, 2 |iM 
fenitrothion) was found to be more susceptible to fenitrothion than AChE (50 % 
inhibition, 300 |iM fenitrothion) in gill homogenates of Mytilus galloprovincialis 
(Escartin & Porte 1997). The tissue/cell location of AChE and CbE activities in gill and 
digestive gland is unknown but if these two enzymes were located in different 
compartments (i.e. different cell types, cell compartments, cytosolic, membrane-bound), 
this would influence how quickly each enzyme would come in contact with fenitrothion 
and/or fenitrooxon.
6 .5  D iscussion
This chapter describes the use of primary cell cultures of crayfish {P. clarkii) 
hepatopancreas, and mussel (M. eJw/w) digestive gland and gill in enzyme and 
metabolism studies of the organophosphate pesticide, fenitrothion. Activation of 
fenitrothion can be catalyzed by the microsomal MFO system and/or FMO, converting it 
to its toxic metabolite fenitrooxon, which exerts its action by inhibiting cholinesterases. 
Enzymes studied were two esterases, i.e. AChE and CbE which are known to be 
inhibited by organophosphates (Lotti 1995, Jokanovic et al. 1996), the phase II 
detoxification enzyme GST and CYP-catalysed BPH activity in mussel, and AChE, GST 
and ‘CY PIA’-catalysed EROD activity in crayfish.When compared to 10,000g 
supernatant of tissue homogenates, specific enzyme activities (per mg protein) of 10,000g 
supernatant of isolated cells were consistently lower (30-40 % in M. edulis and 50-60 % 
in P. clarkii) except for EROD activity which was similar to previously reported EROD 
activity in crayfish hepatopancreas microsomes (Escartin & Porte 1996).
Comparisons of enzyme activities between isolated cells and homogenized tissues are 
only approximate because the cell composition of the two can be different. Similar 
differences between cells and tissue for AChE, CbE and GST activities in all three
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primary cell cultures may indicate that the lower values are due to the same reason which 
is probably not direct inactivation of the enzymes (this would more likely produce 
different results for the different enzymes). The results for the mussel digestive gland cell 
cultures (see chapter 3) showed similar values for tissue and cells for antioxidant 
enzymes, but again lower values for GST. From this and time-course data (see chapter 
4), the interpretation was that biotransformation enzymes such as GST are mainly in the 
large digestive cells, which are more unstable than the small cell types, and a proportion 
of the former may be lost in cell preparation, possibly resulting in lower GST activities. 
In contrast, antioxidant enzymes are probably present in all cell types (Livingstone et al. 
1992, Pipe et al. 1993). The same may hold for crayfish hepatopancreas cells. In his 
interesting study on the cellular distribution of MFO activity in blue crab, Callinectes 
sapidus, hepatopancreas, Lee (1986) showed that cytochrome P450 and BaP metabolism 
was found only in the larger B and F cells. The possible unequal distribution of 
biotransformation enzymes in the different cell types could explain why EROD activity in 
crayfish hepatopancreas was only detectable once the cell dissociation protocol had been 
optimized and, as a result, larger cells (B-, F-, R-cells) were present in the primary cell 
culture.
The inhibition of AChE and CbE activities by fenitrothion was as expected, and is similar 
to the results seen in whole animal in vivo exposures for 12,000g hepatopancreas 
supernatants (Escartin & Porte 1996, 1997). The physiological function of 
hepatopancreas and digestive gland AChE is unknown (Lotti 1995), but the enzyme is the 
same as that involved in neurotransmission of signals and therefore an inhibition of the 
enzyme presumably reflects exposure to fenitrothion. Part of the AChE activity may be 
derived from blood cells circulating the digestive tissues; mammalian erythrocytes are 
known to contain AChE (Lotti 1995). CbE activity appeared to be more sensitive to 
fenitrothion than AChE activity, at least in M. edulis digestive gland cells. Due to its 
higher sensitivity, CbE is thought to have a protective role by either removing part of the 
activated metabolite or the parent compound before it reaches its main target, AChE, or by 
hydrolyzing the parent compound (Escartin & Porte 1996). GST activity in crayfish
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hepatopancreas and mussel digestive gland and gill cell cultures was consistently 
increased by exposure to fenitrothion (between 10-20 %) although the increases were 
only significant in crayfish hepatopancreas cells. The dose-dependent stimulation of GST 
activity after 12 hours could be due to i) direct activation or ii) induction. Direct activation 
can be excluded because no increase of GST activity was seen in tissue 10,000g 
supernatant after incubation with 5 jiM fenitrothion (E. Escartin & C. Porte, unpublished 
results). Elevation of GST activity has been seen in hepatopancreas of C. sapidus and the 
shrimp Penaeus aztecus with 3 days exposure to 2,6-ditertiary-butyl-4-hydroxytoluene 
(Lee et al. 1988), and in the Noble crayfish Astacus astacus with exposure to 
phénobarbital or PCBs (Lindstrom-Seppa & Hanninen 1986). Exposure to fenitrothion 
resulted in a dose-dependent inhibition of EROD activity in crayfish cells. This could be 
due to i) direct inhibition (non-competitive, competitive), ii) direct inhibition due to 
substrate competition because fenitrothion is a substrate of the cytochrome P450s 
catalysing its metabolism, iii) suicide inhibition by a metabolite of fenitrothion, or iv) 
some other cellular process. In vivo exposure of crayfish to fenitrothion resulted in an 
apparent induction of EROD activity (Escartin & Porte 1996). However, decrease of 
MFO activity and cytochrome P450 content by fenitrothion was reported in rat 
microsomes and attributed to inhibition by reactive sulphur released during 
desulphuration of fenitrothion during oxon formation (Levi et al. 1988). No BPH activity 
was detected in 10,000g supernatants of mussel digestive gland cells or tissue 
homogenates and was therefore not investigated further.
Crayfish hepatopancreas and mussel digestive gland cell cultures were found to be 
metabolically active and to convert fenitrothion to its toxic metabolite, fenitrooxon 
(desulphuration reaction). The phenol metabolite (dearylation reaction) was detected in 
crayfish hepatopancreas cells, but not in mussel digestive gland cells. However, in 
mussel digestive gland cells, only approximately 5-15 % of metabolized fenitrothion was 
converted to the oxon metabolite, indicating that other metabolites may be formed which 
were not detected. No metabolism studies were carried out on mussel gill cells, but 
enzyme activities were similarly affected by fenitrothion as mussel digestive gland cells.
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The formation of fenitrooxon in both crayfish and mussel cells is consistent with a 
cytochrome P450-catalysed monooxygenation. The amount of fenitrothion converted to 
oxon in crayfish cells was about- 30-40% which is high compared to studies of whole 
body values for the waterflea Daphnia pulex  (32% demethylfenitrooxon, 7% 
fenitrooxon), the shrimp Palaeinon paucidens (5% demethylfenitrooxon, 8% fenitrooxon) 
and the shrimp Penaeus japonicus (3% demethylfenitrooxon, 2% fenitrooxon) (see Table 
21, Livingstone 1991a). Fenitrooxon formation in mussel digestive gland cells was about 
1/50 of that in crayfish, but higher than in whole body extractions of two freshwater 
snails, C. japonica (<0.1% fenitrooxon of total metabolites) and P. acuta (0.3-0.4 % 
fenitrooxon of total metabolites) (Takimoto et al. 1987).
The reduced metabolism of fenitrothion in crayfish hepatopancreas cells in the presence of 
a-naphthoflavone is consistent with catalysis by cytochrome P450, and possibly a 
CYPlA-like enzyme (Schenkman et al. 1982). However, the latter conclusion is only 
tentative because a-naphthoflavone stimulated rather than inhibited hepatopancreas 
microsomal BPH activity of the spiny lobster Panulirus argus P450 (James 1984). The 
lack of effect of a-naphthoflavone on metabolite formation in crayfish cells is surprising, 
but may indicate that more than one form of cytochrome P450 is involved in fenitrothion 
metabolism, e.g. different effects were seen for different MFO activities of lobster H. 
americanus cytochrome P450 (a-naphthoflavone stimulated NADPH-dependent 
benzphetamine N-demethylase but inhibited cumene hydroperoxide-dependent 7- 
ethoxycoumarin 0-deethylase) (James 1984).
The lack of marked effect by the inhibitor methimazole indicates that fenitrothion 
metabolism in crayfish hepatopancreas cells is not mainly catalysed by FMO. In contrast, 
a-naphthoflavone almost completely inhibited both fenitrothion metabolism and, to a 
lesser extent, fenitrooxon formation in mussel digestive gland cells, indicating a major 
involvement of cytochrome P450, and possibly a CYPlA-like enzyme. To complicate 
matters further, tlie presence of clotrimazole, a more general cytochrome P450 inhibitor 
(Rodrigues et al. 1987), completely inhibited fenitrooxon formation but not fenitrothion
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disappearance. These results again indicate that different cytochrome P450 isoenzymes 
may be involved in different invertebrate fenitrothion metabolism. In mammalian 
systems, fenitrothion is known to be initially oxidised to an intermediate product by an 
enzymatically controlled reaction: the data by Levi et al. (1988) indicated that the 
breakdown of the intermediate to form the oxon (desulphuration) or the phenol/cresol 
(dearylation) was also enzymatically catalyzed, and that different P-450 isoenzymes vary 
considerably in their desulphurase or dearylase activities with respect to fenitrothion.
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CHAPTER 7.
SUMMARY AND GENERAL DISCUSSION
Primary cell cultures of marine invertebrates, unlike comparable fish and mammalian cell 
cultures, are usually maintained for a limited period and actual cell proliferation has only 
been reported in some cases, notably in larval cells from abalone, H. rufescens 
(Naganuma et al. 1994) and scallop, M. yessoensis (Odintsova & Khomenko 1991), and 
in heart cells of clam, M. arenaria (Kleinschuster et al. 1996). Reports on the successful 
development of marine invertebrate cell lines have emerged in recent years, using cells 
derived from several cnidarian species (Frank et al. 1994), and shrimp, P. stylirostris, 
lymphoid organ (Tapay et al. 1995). However, reports on the use of these cell cultures in 
marine toxicology studies are limited and no comparable data for a marine invertebrate 
digestive gland/hepatopancreas cell culture exist, possibly due to difficulties in obtaining a 
contamination-free cell culture from this tissue (Fuerst et al. 1991).
The aim of this Ph.D. thesis was to develop cell dissociation and culturing techniques to 
establish a primary cell culture of the common mussel, M. edulis L., digestive gland, and 
to apply these techniques to comparative tissues (hepatopancreas) of representative 
species of other major aquatic invertebrate phyla, namely the red swamp crayfish 
Procambarus clarkii (Phylum: Arthropoda). M. edulis is widely used as a sentinel in 
pollution monitoring and as a model molluscan bivalve species in toxicological 
biochemistry. Its main tissue site of organic foreign compound (xenobiotic) metabolism is 
the digestive gland (Livingstone 1991a). Emphasis was put into obtaining a heterogenous 
culture of digestive gland/hepatopancreas cells, made up of a mixture of cell types in 
order to mirror the in vivo situation. Chapter 3 and 4 describe the characterization of M. 
edulis digestive gland cells. Initial difficulties with bacterial and fungal contamination of 
the cell cultures were overcome by allowing freshly collected mussels to depurate in 
filtered and autoclaved, antibiotic-containing sea water for at least 24 hours prior to 
dissection of the tissue. Mechanical dissociation (with or without the addition of 0.1 %
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trypsin) yielded a mixture of large digestive cells and a range of smaller cell types (cell 
viability > 90 %; eosin Y dye exclusion test). Small cell types survived in suspension 
cultures (modified Leibovitz L-15 medium supplemented with 10% FBS, salts and 
antibiotics) for 2 weeks (50% viability), whereas the more fragile digestive cells 
deteriorated rapidly (50% viability after 2 days). No cell proliferation was observed. 
Explant cultures were also initiated but no cell types other than blood cells were seen to 
actively migrate out of the tissue and to attach to the surface. The use of extra-cellular 
matrices (gelatin, fibronectin, polylysine, collagen) and endogenous supplements (M. 
edulis hemolymph, M. edulis whole body extract) did not enhance cell attachment or cell 
viability over time. 10,000g supernatants of fresh cell suspensions contained 
biotransformation and antioxidant enzyme activities at levels similar to, or slightly lower 
than, comparable subcellular fractions of (homogenized) tissue, i.e. enzyme activity 
levels studied were BPH, GST, DTD, SOD and catalase. Time-course studies of enzyme 
activity levels in cells cultured for 4 days showed that antioxidant enzyme activity (SOD, 
catalase) was more stable over time than that of biotransformation enzymes (BPH, GST, 
DTD), the latter three of which decreased to less than one third by day 4 of the culture, 
possibly reflecting that biotransformation enzyme activity is primarily located in the large 
digestive cells, whereas antioxidant enzymes may be present in all or most cell types. 
Ultrastructural changes of cells cultured for 4 days were determined by electron 
microscopy and showed that the large digestive cells showed increased vacuolization 
within 2 days after initialization of the cell culture with subsequent death, confirming the 
light-microscopical observation that digestive cells were 50 % viable after 2 days (eosin Y 
exclusion). Ultrastructural analysis also helped in identifying other (smaller) cell types 
which could not be distinguished solely by light-microscopy. These were basophilic 
cells, crypt or embryonic cells, duct epithelial cells, blood cells and a lipid-rich cell type 
which have previously been described in in vitro and in vivo studies of the bivalve 
digestive gland (Morton 1983, Lowe & Pipe 1995).
Applications of the M. edulis digestive gland primary cell culture involved the use of this 
cell system in toxicological studies. The freshly prepared cell mixture has been shown to
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be an effective system for studying pathways and mechanisms of xenobiotic-mediated 
genotoxicity in digestive gland. DNA damage (i.e. strand breakage measured by the 
single cell gel electrophoresis ‘comet’ assay) was demonstrated following exposure to 
nitroaromatics (nitrofurantoin, 1-nitropyrene) and BaP, and indicated to be mediated by 
CYP-catalysed metabolism involving free radical intermediates and/or ROS (Mitchelmore 
et al. 1998a, 1998b; see Appendix). Use of GYP- and other inhibitors strongly indicated 
that M. edulis digestive gland cells metabolized BaP preferentially via 1-electron oxidation 
to form BaP quinones rather than to phenols and diols, a pathway which is also 
predominant in in vivo BaP studies (Michel et al. 1995, Livingstone et al. 1997).
The comet assay further indicated the intriguing possibility that the use of trypsin in the 
cell dissociation procedure may cause damage to M. edulis digestive gland cell DNA, 
whilst viability of cells appeared not affected (> 90 %; eosin Y exclusion) (see chapter 3 
and Birmelin et al. 1998a). The use of dye exclusion such as eosin Y is a cheap and 
convenient method to determine cell viability but it may only detect very severe damage to 
the cell and membrane (Speicher 1987). Instead, the comet assay appeared to be able to 
pick up damage occuring at sub-toxic level. Trypsin is a commonly employed proteolytic 
enzyme in cell and tissue culture used for dissociation of tissues, and for harvesting and 
passaging cells growing in monolayers (Kirkpatrick et al. 1985) but it is known to have a 
detrimental effect on cells upon prolonged exposure (Freshney 1994) Trypsin treatment 
of human endothelial cells and a green monkey kidney cell line resulted in a 500 to 600 % 
higher release of radioactive label from membrane phospholipids than comparative 
treatment with collagenase (Kirkpatrick et al. 1985). Although trypsin is usually believed 
to act on the surface membrane of cells, HeLa and CMB 17 cells were seen to take up 
trypsin intracellularly (Hodges et al 1973) and chromosomal damage by trypsin and 
collagenase was seen in rat liver hepatocytes (Cesarone et al. 1984). Due to its potentially 
damaging nature, trypsin was eventually removed from the M. edulis digestive gland 
dissociation procedure; instead, digestive glands were mechanically dissociated in CMFS 
without the addition of proteolytic enzymes, which resulted in only slightly lower cell 
yield.
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M. edulis digestive gland cells were also used to study the effect of in vitro exposure of 
BaP on CYPlA-like protein and hsps (hsp70) by Western blot analysis (chapter 5). 
Unfortunately, the anti-fish CYPIA antibodies used proved to be too unspecific to 
conclusively detect a CYPlA-like protein in mussel digestive gland cell or tissue 10,000g 
supernatants, due to a high degree of non-specific binding to proteins other than CYP. 
Tentative analysis of some of the immunopositive bands showed elevation of a 48,54,58 
and 90 kDa band in BaP-exposed cells in the Western blots (probed with anti-fish 
CYPIA PAb) and, in the case of the 58 kDa band, also in silver-stained gels (total 
protein). Although some of these proteins are similar to previously reported and partially 
purified M. edulis CYPlA-like proteins (53-54 kDa - Kirchin 1988, Porte et al. 1995; 48 
kDa - Livingstone et al. 1997) and fish CYPIA (54-58 KDa - Gokspyr et al. 1991), 
further work needs to be undertaken to confirm their identity. In contrast to CYPIA 
antibodies, the antibodies against hsp gave a more specific response. Two 
immunopositive proteins of 78 and 48 kDa apparent molecular weight appeared to be 
elevated in BaP-exposed M. edulis digestive gland cells, but, again, further studies need 
to be carried out. In order to investigate the use of M. edulis digestive gland cells in 
biomarker field applications, a 2-D gel electrophoresis study was carried out using 
radiolabelled cells derived from mussel collected from a clean (control) and a polluted site 
(Bergen harbour) in Norway. Autoradiographs revealed a highly reproducible pattern of 
over 100 newly synthesized proteins in animals from both sites, but control M. edulis 
appeared to have higher synthetic rates. Interestingly, M. edulis from the polluted site 
revealed up to 10 protein spots which appeared ‘induced’, all of these proteins being in 
the 30-57 kDa molecular weight class. No comparable 2-D analysis of molluscan 
digestive gland exists to my knowledge, but identification of the elevated proteins would 
be advantageous, especially with view to potential use in biomarker studies.
The cell culture techniques used for developing a M. edulis digestive gland cell culture 
were modified and applied to a primary cell culture of crayfish P. clarkii hepatopancreas 
and M. edulis gill (Chapter 6 and Birmelin et al. 1998b). The metabolism and enzyme
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effects of the organophosphate pesticide fenitrothion was compared in these three primary 
cell culture systems. The mixed-cell hepatopancreas suspension (viability: 80 % after 12 
h) contained E-, R-, F- and B-cells like hepatopancreas tissue in vivo (Loizzi 1971, 
Gibson & Barker 1979). Af. edulis gill cell suspension were made up of mobile, 
flagellated cells of similar sizes with viability above 80 % after 12 h. In the primary cell 
cultures, similar responses to whole animal and microsomal fenitrothion studies (Blat et 
al. 1988, Escartin & Porte 1996, 1997) were observed, i.e. fenitrothion inhibited AChE 
and CbE, but elevated GST activity. In contrast to in vivo studies (Escartin & Porte
1996), EROD activity in fenitrothion-exposed crayfish cells was inhibited, which may be 
attributed to inhibition due to the release of active sulphur during formation of the 
metabolite, fenitrooxon (Levi et al. 1988). Crayfish hepatopancreas and mussel digestive 
gland cells metabolized fenitrothion to fenitrooxon (desulphuration reaction) and a second 
metabolite, 3-methyl-4-nitrophenol (dearylation reaction), was identified in crayfish 
hepatopancreas cells. The CYP-inhibitor, a-naphthoflavone, significantly reduced 
fenitrothion metabolism in both crayfish and mussel cells, indicating a major involvement 
of CYP, and possibly a CYPlA-like enzyme. However, a-naphthoflavone did not inhibit 
metabolite formation in crayfish cells which may be due to the involvement of further 
CYP forms in fenitrothion metabolism (James 1984). In mussel cells, clotrimazole (a 
more general CYP inhibitor) did not significantly reduce fenitrothion disappearance, but 
the formation of fenitrooxon was completely inhibited. These in vitro results generally 
indicated that i) different CYP forms may be involved in intermediate steps of fenitrothion 
metabolism/fenitrooxon formation (Levi et al. 1988), ii) different CYP isoenzymes are 
active in molluscan compared to crustacean cells with respect to fenitrothion metabolism 
and iii) that M. edulis MFO activities are lower than P. clarkii activity levels, as seen in 
fenitrooxon formation which was about 1/50 lower in M. edulis.
In summary, I have succeeded in developing primary cell cultures from M. edulis 
digestive gland and P. clarkii hepatopancreas (and, to a lesser extent, from M. edulis gill) 
with cell type composition, enzymic functionality and metabolic competence comparable 
to in vivo tissue for use in short-term toxicological studies. With further investigations
177
into culture requirements and media supplements, as has been carried out in other 
invertebrate cell culture studies (Odintsova et al. 1994, Domart-Coulon et al. 1994), it 
may be possible to culture M. edulis digestive gland cells for longer periods, if necessary, 
but the fragility and short life-span of the large digestive cells may represent a limit in 
long-term cultures. Separation of the various cell types, i.e. by techniques such as 
filtration and gradient centrifugation (Ahearn et al. 1983, Pipe et al. 1997), may help in 
establishing a proliferating cell culture with the most promising cell types being the small 
undifferentiated cells of the digestive tubules (which differentiate into basophilic and 
digestive cells) and possibly duct epithelial cells. However, a single-cell culture is 
unlikely to display the entire array of activation/detoxification responses seen in intact 
tissue and the mixed-cell culture because the enzymes catalyzing these reactions appear to 
be unequally distributed in the various cell types. The same applies to P. clarkii 
hepatopancreas which is known to have only one mitotically active cell type (E-cells) (Al- 
Mohanna et al. 1985, also see chapter 1) but to contain xenobiotic metabolism and uptake 
capacities in different cell types (Lee 1986, 1989). The primary cell cultures of M  edulis 
digestive gland and P. clarkii hepatopancreas, although heterogenous in nature, show 
therefore more potential in environmental toxicology studies than single-cell cultures. ‘ 
These aquatic invertebrate in vitro models may contribute to risk assessment (prediction 
of toxicity) of new chemicals and environmental biomonitoring studies, as was 
demonstrated by the genotoxicity studies (comet assay) and the 2-D study of Norwegian 
field populations of M. edulis. Furthermore, organ- and species-specific mechanistic 
effects were evaluated by comparing pesticide effects in M. edulis and P. clarkii cells, 
indicating that phylogenetic differences exist in invertebrate xenobiotic metabolism which 
necessitates the development and use of viable, metabolically competent in vitro models 
for all major animal groups. Although these cell cultures are unlikely to ever replace 
whole animal experiments, they may provide a useful, convenient and cost-effective tool 
when evaluating the mechanism and potential risk of environmental pollutants, thereby 
complementing in vivo ecotoxicological studies.
178
REFERENCES
Aebi, H. (1974). Catalase. In: H. U. Bergmeyer (éd.). Methods in enzymatic analysis. 
Vol. II. Academic Press, New York, pp. 673-683.
Aheam, G.A., E.A. Monckton, A.E. Henry and M.C. Botfield (1983). Alanine transport 
by lobster hepatopancreatic cell suspensions. American J. Physiology 244: 150-162.
Alberts, B., D. Bray, J. Lewis, M. Raff, K. Roberts, J.D. Watson (eds.) (1989). 
Molecular biology of the cell. 2nd edition. Garland Publishing, New York.
Al-Mohanna, S.Y., J.A. Nott and D.J.W. Lane (1985). Mitotic E-cells and secretory F- 
cells in the hepatopancreas of the shrimp Penaeus semisulcatus (Crustacea: Decapoda). J. 
mar. Biol. Ass. U.K. 65: 901-910.
Al-Mohanna, S.Y., and J.A. Nott (1986). B-cells and digestion in the hepatopancreas of 
Penaeus semisulcatus (Crustacea: Decapoda). J. mar. Biol. Ass. U.K. 66: 403-414.
Al-Mohanna, S.Y., and J.A. Nott (1987). R-cells and the digestive cycle in Penaeus 
semisulcatus (Crustacea: Decapoda). Mar. Biol. 95: 129-137.
Al-Mohanna, S.Y., and J.A. Nott (1989). Functional cytology of the hepatopancreas of 
Penaeus semisulcatus (Crustacea: Decapoda) during the moult cycle. Mar. Biol. 101: 
535-544.
Anderson, D., T.-W. Yu, B.J. Phillips and P. Schmezer (1994a). The effects of various 
antioxidants and other modifying agents on oxygen-radical-generated DNA damage in 
human lymphycytes in the COMET assay. Mut. Res. 307: 261-271.
179
Anderson, R.S., L.M. Mora and S.A. Thomson (1994b). Modulation of oyster 
(Crassostrea virginica) hemocyte immune function by copper, as measured by luminol- 
enhanced chemiluminescence. Comp. Biochem. Physiol. 108C (2): 215-220.
Antonsson et al. 1995 - see page 216.
Aono, H., G.G. Diaz and K. Mori (1994). Granular cells recognize non-self signals and 
trigger the clotting reaction of hemocytes in vitro in the spiny lobster, Panulirus 
japonicus. Comp. Biochem. Physiol. 107A (1): 37-42.
Armstrong, P. B. (1985). Amebocytes of the American horseshoe crab, Limulus 
polyphemus. In: W.D. Cohen (ed.). Blood cells of marine invertebrates. Experimental 
systems in cell biology and comparative physiology. Vol. 6, pp. 253-258.
Ashley, C.M., M.G. Simpson, D.M. Holdich and D.R. Bell (1996). 2,3,7,8-tetrachloro- 
dibenzo-p-dioxin is a potent toxin and induces cytochrome P450 in the crayfish, 
Pacifastacus leniusculus. Aquat. Tox. 35: 157-169.
Babich, H., and E. Borenfreund (1991). Cytotoxicity and genotoxicity assays with 
cultured fish cells: a review. Toxic. In Vitro 5 (1): 91-100.
Bader, A., K. Zech, O. Crome, U. Christians, B. Ringe, R. Pichlmayr and K.-Fr. 
Sewing (1994). Use of organotypical cultures of primary hepatocytes to analyse drug 
biotransformatioh in man and animals. Xenobiotica 24 (7): 623-633.
Bainy, A.C.D., A.C.M. Arisi, L.A. Azzalis, K. Simizu, S.B.M. Barros, L.A. Videla 
and V.B.C. Junqueira (1993). Differential effects of short-term lindane administration on 
parameters related to oxidative stress in rat liver and erythrocytes. J. Biochem. Toxicol. 8 
(4): 187-194.
Baksi, S.M., and J.M. Frazier (1990). Isolated fish hepatocytes - model systems for 
toxicological research. Aquat. Tox. 16: 229-256.
180
Barker, P.L., and R. Gibson (1978). Observations on the structure of the mouthparts, 
histology of the alimentary tract, and digestive physiology of the mud crab Scylla serrata 
(Forskal) (Decapoda: Portunidae). J. exp. mar. Biol. Ecol. 32: 177-196.
Bayne, B.L. (ed.) (1976). Marine mussels: their ecology and physiology. International 
Biology Programme 10. Cambridge, Cambridge University Press, 506pp.
Bayne, B.L., R.J. Thompson and J. Widdows (1976). Physiology I. In: B.L.Bayne 
(ed.). Marine mussels: their ecology and physiology. International Biology Programme 
10. Cambridge, Cambridge University Press.
Bayne, C.J. (1991). Breaking the barriers to continuous long-term cell propagation: 
freshwater mollusks. In: A. Rosenfield (ed). Marine invertebrate cell culture: breaking the 
barriers, p .13. Proceedings of an international workshop, 16 June 1991, Anaheim, 
California. NOAA Technical Memorandum NMFS-F/NEC-98.
Birmelin, C., D.R. Livingstone, C. Porte and P. S. Goldfarb (1996). Development of 
marine invertebrate cell cultures for use in toxicology. Human & Exptal. Tox. 15 (2): 
136.
Birmelin, C., C.L. Mitchelmore, P.S. Goldfarb and D.R. Livingstone (1998a). 
Characterization of biotransformation enzyme activities and DNA integrity in isolated cells 
of digestive gland of the common mussel, Mytilus edulis L. Comp. Biochem. Phys. in 
press.
Birmelin, C., E. Escartin, P.S. Goldfarb, D.R. Livingstone and C. Porte (1998b). 
Enzyme effects and metabolism of fenitrothion in primary cell cultures of hepatopancreas 
of red swamp crayfish P. clarkii. Mar. Environ. Res. in press.
181
Blat, A., M.M. Almar and F J. Romero (1988). The effect of two sulphur-containing 
pesticides, fenitrothion and endosulfan, on glutathione (GSH) content and on GSH S- 
transferase and y-glutamyl transpeptidase activities in midgut gland of the American red 
swamp crayfish Procambarus clarkii. Drug. Metab. Drug. Interact. 6: 383-394.
Bols, N.C., and L.E.J. Lee (1991). Technology and uses of cell cultures from the tissues 
and organs of bony fish. Cytotechnology 6: 163-187.
Bonner, W.M., and R.A. Laskey (1974). A film detection method for tritium-labelled 
proteins and nucleic acids in polyacrylamide gels. Eur. J. Biochem. 46: 83-88.
Boulo, V., J.P. Cadoret, F. Le Marrec, G. Dorange and E. Mialhe (1996). Transient 
expression of luciferase reporter gene after lipofection in oyster (Crassostrea gigas) 
primary cell cultures. Mol. Mar. Biol. Biotechnol. 5 (3): 167-174.
Bradford, M.M. (1976). A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye-binding. Anal. Biochem. 72: 
248-254.
Brady, M.C., and J.A. Gray (1995). Use of m vitro cell systems for the prediction of 
toxicity and mechanistic studies. TEN, 2 (3): 92-94.
Brewster, F., and B.L. Nicholson (1979). In vitro maintenance of amoebocytes from the 
American oyster (Crassostrea virginica). J. Fish. Res. Board Can. 36: 461-467.
Brody, M.D., and E.S. Chang (1989). Development and utilization of crustacean long­
term primary cell cultures: ecdysteroid effects in vitro. Invertebr. Reprod. Dev. 16 (1-3): 
141-147.
182
Burgeot, T., E. His and F. Galgani (1995). The micronucleus assay in Crassostrea gigas 
for the detection of seawater genotoxicity. Mut. Res. 2094: 201-216.
Burke. M.D., and R.T. Mayer (1974). Ethoxyresorufin: direct fluorometric assay of a 
microsomal O-dealkylation which is preferentially inducible by 3-methylcholantrene. 
Drug Metab. Disp. 2: 583-588.
Butler, P.A. (1966). Pesticides in the marine environment. In: N.W. Moore (ed.). 
Symposium on pesticides in the environment and their effects on wildlife. Blackford, 
Oxford, pp. 253-258.
Campbell, A. (1976). Seashores and shallow seas of Britain and Europe. Hamlyn Guide, 
London.
Canova, S., P. Degan, L.D. Peters, D.R. Livingstone, R. Voltan and P. Venier (1998). 
Tissue dose, DNA adducts, oxidative DNA damage and CYPlA-immunopositive 
proteins in mussels exposed to waterborne benzo[a]pyrene. Mut. Res., in press.
Cantillana, P., and N.C. Inestrosa (1993). Presence of an heparin-binding growth factor 
in Concholepas concholepas Bruguiere (Mollusca; Gastropoda; Muricidae). J. Exp. Mar. 
Biol. Ecol. 171 (2): 239-250.
Castano, A., M. Vega, T. Blazquez and J.V. Tarazona (1994). Biological alternatives to 
chemical identification for the ecotoxicological assessment of industrial effluents: the 
RTG-2 in vitro cytotoxicity test. Environ. Toxicol. Chem. 13 (10): 1607-1611.
Castano, A., and J.V. Tarazona (1995). The use of cultured cells in environmental 
toxicology: in vitro toxicity tests. In: M.P. Cajaraville (éd.). Cell biology in 
environmental toxicology, pp. 279-288.
183
Cattey, M.A. (1990). Transport characteristics of crustacean hepatopancreatic and 
antennal gland epithelia in primary cell culture. Pac. Sci. 44 (2): 183.
Cecil, J.T. (1969). Mitoses in cell cultures from cardiac tissues of the surf clam Spisula 
solidissima. J. Invert. Path. 14: 407-410.
Cecil, J.T., G.D. Ruggieri and R.F. Nigrelli (1974). Vllth Annual Meeting; Society for 
Invertebrate Pathology, Arizona State University. Tempe, Arizona.
Cecil, J.T., G.D. Ruggieri and R.F. Nigrelli (1976). Effects of extracts from 
echinoderms on cell cultures from molluscs and echinoderms. In: E. Kurstak & K. 
Maramorosch (eds.). Invertebrate tissue culture: applications in medicine, biology, and 
agriculture. Academic Press, pp.301-307.
Cesarone, C.F., E. Fugassa, G. Gallo, A. Voci and M. Orunesu (1984). Collagenase 
perfusion of rat liver induces DNA damage and DNA repair in hepatocytes. Mut. Res. 
141: 113-116.
Chen, S.N., K.J. Jong and G.H. Kou (1989). Cell cultures derived from tissues of 
penaeid shrimp, Penaeus penicillatus, and hard clam, Meretrix lusoria. In: Mitsuhashi, J. 
(ed.). Invertebrate cell system applications, Vol.II. CRC press, Boca Raton, Florida, 
pp.253-262.
Chemin, E. (1963). J. Parasitol. 49, 353.
Chrachri, A. (1995). Ionic currents in identified swimmeret motor neurones of the 
crayfish Pacifastacus leniusculus. J. Exp. Biol. 198: 1483-1492.
Clark, A.G. (1989). The comparative enzymology of the glutathione-5^-transferases from 
non-vertebrate organisms. Comp. Biochem. Physiol. 92B (3): 419-446.
184
Coles, J.A., S.R. Farley and R.K.Pipe (1994). Effects of fluoranthene on the 
immunocompetence of the common mussel, Mytilus edulis. Aquat. Tox. 30: 367-379.
Cravedi, J.-P., A.Paris, G. Monod, A. Devaux, G. Flouriot and Y. Valotaire (1996). 
Maintenance of cytochrome P450 content and phase I and phase II enzyme activities in 
trout hepatocytes cultured as spheroidal aggregates. Comp. Biochem. Physiol. 113C (2): 
241-246.
Dagan, D., and LB. Levitan (1981). Isolated identified Ap/yjw neurons in cell culture. J. 
Neuroscience 1 (7): 736-740.
Dali, W., and D.J.W. Moriarty (1983). Functional aspects of nutrition and digestion. In: 
D.E. Bliss (ed). The Biology of Crustacea, Vol. 5, internal anatomy and physiological 
regulation. Academic Press, pp.215-261.
Darling, D.C., and S.J. Morgan (1994). Animal cells: culture and media. Essential Data 
Series, Wiley.
Dehnen, W., R. Tomingas and J. Roos (1973). A modified method for assay of 
benzo[a]pyrene hydroxylase. Anal. Biochem. 53: 378-383.
De Pomerai, D.I. (1996). Heat-shock proteins as biomarkers of pollution. Human & 
Exptal. Biol. 15: 279-285.
DeVillez, E.J., and D.I. Fyler (1986). Isolation of hepatopancreatic cell types and 
enzymatic activities in B cells of the crayfish Orconectes rusticus. Can. J. Zool. 64: 81- 
83.
185
Domart-Coulon, L, D. Doumenc, S. Auzoux-Bordenave and Y. Le Fichant (1994). 
Identification of media supplements that improve the viability of primary cell cultures of 
Crassostrea gigas oysters. Cytotechnology 16: 109-120.
Dyrynda, E.A., R.K. Pipe and N.A. Ratcliffe (1995). Host defence mechanisms in 
marine invertebrate larvae. Fish & Shellfish Immunol. 5: 569-580.
Dyrynda, E.A., R.J. Law, P.E.J. Dyrynda, C.A. Kelly, R.K. Pipe, K.L. Graham and 
N.A. Ratcliffe (1997). Modulations in cell-mediated immunity of Mytilus edulis 
following the ‘Sea Empress’ oil spill. J. mar. biol. Ass. U.K. 77: 281-284.
Ellis, L.L., and S.H. Bishop (1989). Isolation of cell lines with limited growth potential 
from marine bivalves. In: Mitsuhashi, J. (ed.). Invertebrate cell system applications, 
Vol.II. CRC press, Boca Raton, Florida, pp.243-251.
Ellman , G.L., K.O. Courtney, V. Anders Jr. and R.M. Featherstone (1961) A new and 
rapid determination of acetylcholinesterase activity. Biochem. Pharmacol. 7: 88-95.
Emster, L. (1987). DT diaphorase: a historical review. Chem. Scr. 27 A: 1-13.
Escartin, E., and C. Porte (1996). Bioaccumulation, metabolism, and biochemical effects 
of the organophosphorus pesticide fenitrothion in Procambarus clarkii. Environ. Tox. 
Chem. 15 (6): 915-920.
Escartin, E., and C. Porte (1997). The use of cholinesterase and carboxylesterase 
activities from Mytilus galloprovincialis in pollution monitoring. Environ. Tox. Chem. 16 
(10): 2090-2095.
Eto, M. (1974). Organophosphorus pesticides: organic and biological chemistry. CRC, 
Cleveland, OH, USA.
186
Fadoni, D.A., W.C. Michel and B.W. Ache (1991). Cultured lobster olfactory neurons: 
utility for studying signal transduction. In: A. Rosenfield (ed), Marine invertebrate cell 
culture: breaking the barriers, p. 16. Proceedings of an international workshop, 16 June 
1991, Anaheim, California. NOAA Technical Memorandum NMFS-F/NEC-98.
Fitzpatrick, P. J., and D. Sheehan (1993). Separation of multiple forms of glutathione-S- 
transferase from the blue mussel, Mytilus edulis. Xenobiotica 23 (8): 851-861.
Flandre, O., and C. Vago (1963). C. R. Colloq. Int. Cult. Tissus Invertebr. 1st, 
Montpellier, 1962. Ann. Epiphyt. 14, 161.
Flouriot, G., G. Monod, Y. Valotaire, A. Devaux and J.-P. Cravedi (1995). Xenobiotic 
metabolizing enzyme activities in aggregate culture of rainbow trout hepatocytes. Mar. 
Environ. Res. 39: 293-297.
Foster, G.D., and D.G. Crosby (1986). Xenobiotic metabolism of P-nitrophenol 
derivatives by the rice field crayfish {Procambarus clarkii). Environ. Tox. Chem. 5: 
1059-1070.
Foster, G.D., and D.G. Crosby (1987). Comparative metabolism of nitroaromatic 
compounds in freshwater, brackish water and marine decapod crustaceans. Xenobiotica 
17 (12): 1393-1404.
Frank, U., C. Rabinowitz and B. Rinkevich (1994). In vitro establishment of continuous 
cell cultures and cell lines from ten colonial cnidarians. Mar. Biol. 120: 491-499.
Freshney, R.I. (1994). Culture of animal cells: a manual of basic technique (3rd ed.). 
Wiley-Liss.
187
Fuerst, J.A., S.K. Sambhi, J.L. Paynter, J.A. Hawkins and J.G. Atherton (1991). 
Isolation of a bacterium resembling Pirellula species from primary cell culture of the giant 
tiger prawn {Penaeus monodon). Appl. Environ. Microbiol. 57 (11): 3127-3134.
Gabbott, P.A., and K. Peek (1991). Cellular biochemistry of the mantle tissue of the 
mussél Mytilus edulis L. Aquaculture 94: 165-176.
Gaino, E., G. Magnano, B. Burlando and M. Sara (1993). Morphological responses of 
dissociated sponge cells to different organic substrata. Tissue & Cell 25 (3): 333-341.
Gamble, S.C., P.S. Goldfarb, C. Porte and D.R. Livingstone (1995). Glutathione 
peroxidase and other antioxidant enzyme function in marine invertebrates {Mytilus edulis, 
Pecten maximus, Carcinus maenas and Asterias rubens). Mar. Environ. Res. 39: 191- 
195.
George, S.G. (1996). In vitro toxicology of aquatic pollutants: use of cultured fish cells. 
In: E.W. Taylor (ed.). Toxicology and aquatic pollution. Physiological, molecular and 
cellular approaches. Society for Experimental Biology Seminar Series, Vol. 57, 
Cambridge University Press, Cambridge, pp. 253-265.
Gibson, G. G., and P. Skett (1986). Introduction to drug metabolism. Chapman & Hall, 
New York.
Gibson, R., and P.L. Barker (1979). The decapod hepatopancreas. Oceanography and 
Marine Biology, an Annual Review, 17: 285-346.
Goldfarb, P. S., J. A. Spry, D. Dunn, D. R. Livingstone, A. Wiseman and G.G.
Gibson (1989). Detection of mRNA sequences homologous to the human glutathione 
peroxidase and rat cytochrome P450IV A1 genes in Mytilus edulis. Mar. Environ. Res. 
28: 57-60.
188
Gôrg, A., W. Postel and S. Günter (1988). Two-dimensional electrophoresis. The 
current state of two-dimensional electrophoresis with immobilized pH gradients. 
Electrophoresis 9: 531-546.
Goks0yr, A. (1985). Purification of hepatic microsomal cytochromes P-450 from 6- 
naphthoflavone-treated Atlantic cod {Gadus morhua), a marine teleost fish. Biochim. 
Biophys. Acta 840: 409-417.
Goks0yr, A., T. Andersson, D.R. Buhler, J.J. Stegeman, D.E. Williams and L. Forlin 
(1991). Immunochemical cross-reactivity of 6-naphthoflavone-inducible cytochrome 
P450 (P450IA) in liver microsomes from different fish species and rat. Fish. Physiol. 
Biochem. 9 (1): 1-13.
Grace, T.D.C. (1962). Establishment of four strains of cells from insect tissues grown in 
vitro. Nature 195: 788-789.
Gr0svik, B.E., and A. Goks0yr (1996). Biomarker protein expression in primary 
cultures of salmon {Salmo salar L.) hepatocytes exposed to environmental pollutants. 
Biomarkers 1: 45-53.
Guengerich, F.P. (1991). Reactions and significance of cytochrome P-450 enzymes. J. 
Biol. Chem. 266 (16): 10019-10022.
Habig, W.H., M.J. Pabst and W.B. Jakoby (1974). Glutathione S-transferases. J. Biol. 
Chem. 249 (22): 7130-7139.
Hahn, M.E., A. Poland, E. Glover and J.J. Stegeman (1994). Photoaffinity labelling of 
the Ah receptor: phylogenetic survey of diverse vertebrate and invertebrate species. Arch. 
Biochem. Biophys. 310: 218-228.
189
Halliwell, B., and 0.1. Aruoma (1992). DNA damage by oxygen-derived species: its 
mechanism and measurement using chromatographic methods. In: Scandalios, J.G. (ed). 
Molecular biology of free radical scavengers, Vol. 9. Planview, New York: Cold Spring 
Harbor Laboratory Press, pp. 47-67.
Hansen, E.L. (1975). A cell line from embryos of Biomphalaria glabrata (Pulmonata): 
establishment and characteristics. In: K. Maramorosch (ed.). Invertebrate tissue culture: 
research applications. Academic Press, New York, p. 75.
Hansen, E.L. (1976). Application of tissue culture of a pulmonate snail to culture of 
larval Shistosoina mansoni. In: E. Kurstak & K. Maramorosch (eds.). Invertebrate tissue 
culture: applications in medicine, biology, and agriculture. Academic Press, New York, 
pp. 87-97.
Hansen, P. D., R. Bock and P. Brauer (1991). Investigations of phagocytosis 
concerning the immunological defence mechanism of Mytilus edulis using a sublethal 
luminescent bacterial assay {Photobacterium phosphoreum). Comp. Biochem. Physiol. 
lOOC (1/2): 129-132.
Henry, J., and E. Boucaud-Camou (1994). In vitro stimulation by progesterone of the 
main nidamental glands biosynthesis in the mollusc cephalopod Sepia officinalis L. 
Comp. Biochem. Physiol. 108A (1): 25-30.
Henry, M., E. Boucaud-Camou and Y. Lefort (1991). Functional micro-anatomy of the 
digestive gland of the scallop Pecten maximus (L.). Aquat. Living Resour., 4, 191-202.
Heukeshoven, J., and R. Dernick (1986). In: B.J. Radola (ed.). Electrophorese Forum 
‘86. Technische Universitiit, München, pp. 22-27.
190
Hickman, R. W. (1992). Mussel cultivation. In: E. Gosling (éd.). The mussel Mytilus: 
ecology, physiology, genetics and culture. Developments in Aquaculture & Fish Science, 
Vol. 25, Elsevier.
Hightower, L.E. (1993). A brief perspective on the heat-shock response and stress 
proteins. Mar. Environ. Res. 35: 79-83.
Hightower, L.E., and J.L. Renfro (1988). Recent applications of fish cell culture to 
biomedical research. J. Exp. Zool. 248: 290-302.
Ho, B., J.C. Kim and J.L. Ding (1988). Mitogen stimulation of DNA synthesis in 
cultured amoebocytes of Carcinoscorpius rotundicauda. First International Symposium 
on Marine Molecular Biology, Baltimore (abstract).
Hodges, G.M., D.C. Livingston and L.M. Franks (1973). J. Cell Sci. 12: 887-902.
Hodgson, E., and F. E. Guthrie (1980). Introduction to biochemical toxicology. 
Blackwell Scientific Publ., New York.
Hodgson, E., and P.E. Levi (1992). The role of flavin-containing monooxygenase (EC 
1.14.13.8) in the metabolism and mode of action of agricultural chemicals. Xenobiotica 
22 (9/10): 1175-1183.
Hofmann, G.E., and G.N. Somero (1996). Protein ubiquitination and stress protein 
synthesis in Mytilus trossulus occurs during recovery from tidal emersion. Mol. Mar. 
Biol. Biotechnol. 5 (3): 175-184.
Hwang, S.P.L., and W.J. Lennarz (1993). Studies on the cellular pathway involved in 
assembly of the embryonic sea urchin spicule. Exp. Cell. Res. 205 (2): 383-387.
191
Icely, J.D., and J.A. Nott (1992). Digestion and absorption: digestive system and 
associated organs. In: F.W. Harrison, A.G. Humes (eds). Microscopic anatomy of 
invertebrates. Vol. 10: Decapod Crustacea, Wiley-Liss, pp. 147-201.
Jackel, C., W.-D. Krenz and F. Nagy (1994). Bicuculline/baclofen-insensitive GAB A 
response in crustacean neurones in culture. J. Exp. Biol. 191: 167-193.
Jacoby, W.B., and D.M. Ziegler (1990). The enzymes of detoxication. J. Biol. Chem. 
265 (34): 20715-20718.
Jagus, R. (1996). Development of continuous marine invertebrate cell lines. J. Shellfish 
Res. 15 (2): 476.
James, M.G (1984). Catalytic properties of cytochrome P450 in hepatopancreas of the 
spiny lobster, Panulirus argus. Mar. Environ. Res. 14:1-11.
James, M.G (1989). Cytochrome P450 monooxygenases in crustaceans. Xenobiotica 19 
(10): 1063-1076.
James, M.G., S.M. Boyle, H.G. Trapido-Rosenthal, W.C. Smith, R.M. Greenberg, 
K.T. Shiverick (1996). cDNA and protein sequence of a major form of P450, CYP2L, in 
the hepatopancreas of the spiny lobster, Panulirus argus. Arch. Biochem. Biophys. 329: 
31-38.
Jewell, C.S.E., and G.W. Winston (1989). Characterization of the microsomal mixed- 
function oxygenase system of the hepatopancreas and green gland of the red swamp 
crayfish, Procambarus clarkii.Covnp. Biochem. Physiol. 92 B: 329-339.
192
Jewell, C.S., R.F. Lee and G.W. Winston (1989). Purification and properties of 
hepatopancreas and green gland cytosolic glutathione-5-transferases of the red swamp 
crayfish, Procambarus clarkii. Mar. Environ. Res. 28: 81-85.
Johnston, J.J., and M.D. Corbett (1985). The effects of temperature, salinity and a 
simulated tidal cycle on the toxicity of fenitrothion to Callinectes sapidus. Comp. 
Biochem. Physiol. 80C (1): 145-149.
Jokanovic, M., M. Kosanovic and M. Maksimovic (1996). Interaction of 
organophosphorus compounds with carboxylesterases in the rat. Arch. Toxicol. 70: 444- 
450.
Josephy, P.O. (1997). Molecular Toxicology. New York, Oxford University Press.
Kaczmarek, L.K., M. Finbow, J.P. Revel and P. Strumwasser (1979). The morphology 
and coupling of Aplysia bag cells within the abdominal ganglion and in cell culture. J. 
Neurobiology 10: 535-550.
Ke, H., W. Liping, D. Yumei and D. Shuji (1990). Studies on a cell culture from the 
hepatopancreas of the oriental shrimp, Penaeus orientalis Kishinouye. Asian Fisheries 
Sci. 3: 299-307.
Khan, M.A.Q., W. Coello, A.A. Khan and H. Pinto (1972). Some characteristics of the 
microsomal mixed-function oxidase in the freshwater crayfish, Cambarus. Life Sciences 
11 (Part II): 405-415.
Kingsley, R.J., A.M. Bernhardt, K.M. Wilbur and N. Watabe (1987). Scleroblast 
cultures from the gorgonian Leptogorgia virgulata (Lamarck) (Coelenterata: Gorgonacea). 
In Vitro Cell. Dev. Biol. 23(4): 297-302.
193
Kirchin, M.A. (1988). Cytochrome P-450 of the common mussel, Mytilus edulis: partial 
purification and characterization. Ph.D. thesis. University of Surrey, U.K.
Kirchin, M.A., A. Wiseman and D.R. Livingstone (1992). Seasonal and sex variation in 
the mixed-function oxygenase system of digestive gland microsomes of the common 
mussel, Mytilus edulis L. Comp. Biochem. Physiol. lOlC: 81-91.
Kirkpatrick, C.J., I. Melzner and T. Goller (1985). Comparative effects of trypsin, 
collagenase and mechanical harvesting on cell membrane lipids studied in monolayer- 
cultured endothelial cells and a green monkey kidney cell line. Biochimica et Biophysica 
Acta 846: 120-126.
Koebe, H.-G., S. Pahernik, P. Eyer and F.W. Schildberg (1994). Collagen gel 
immobilization: a useful cell culture technique for long-term metabolic studies on human 
hepatocytes. Xenobiotica, 24 (2): 95-107.
Kleinschuster, S.J., J. Parent, C.W. Walker and C. A. Farley (1996). A cardiac cell line 
from Mya arenaria (Linnaeus, 1759). J. Shellfish Res. 15 (3): 695-707.
Krenz, W.D., F. Del Principe and P. Fischer (1990). Crustacean nerve cells in primary 
culture. In: Frontiers in crustacean neurobiology. Advances in life sciences. Birkhauser 
Verlag, Basel, pp.509-512.
Krishnakumar, P.K., E. Casillas and U. Varanasi (1997). Cytochemical responses in the 
digestive tissue of Mytilus edulis complex exposed to microencapsulated PAHs or PCBs. 
Comp. Biochem. Physiol. 118C (1): 11-18.
Kuno, S.I., K. Mitsunaga-Nakatsubo, T. Nagura and I. Yasumasu (1994a). Changes in 
insulin-binding capacity of the plasma membrane fraction during culture in vitro of cells
194
derived from micromeres of 16-cell-stage sea urchin embryos. Dev. Growth. Diff. 36 
(3): 289-298.
Kuno, S.I., K. Mitsunaga-Nakatsubo, T. Nagura, A. Fujiwara and I. Yasumasu 
(1994b). Several cell responses to insulin of cultured cells derived from micromeres, 
isolated from sea urchin embryos at the 16-cell-stage. Dev. Growth. Diff. 36 (4): 397- 
408.
Kurstak, E., and K. Maramorosch (eds.) (1976). Invertebrate tissue culture: applications 
in medicine, biology, and agriculture. Academic Press, New York.
Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of the head 
of bacteriophage T4. Nature 227: 680-685.
Langton, R.W. (1975). Synchrony in the digestive diverticulata of Mytilus edulis L. J. 
mar. biol. Ass. U.K. 55: 221-229.
Langton, R.W., and P. A. Gabbott (1974). The tidal rhythm of extracellular digestion and 
the response to feeding in Ostrea edulis. Mar. Biol. 24: 181-187.
Lee, R.F. (1986). Metabolism of benzo[a]pyrene by a mixed-function oxygenase system 
in blue crabs, Callinectes sapidus. In: T.M.Poston & R. Purdy (eds.). Aquatic toxicology 
and environmental fate: Ninth Volume, American Society for Testing and Materials, 
Philadelphia, pp. 233-240.
Lee, R.F. (1989). Metabolism and accumulation of xenobiotics within hepatopancreas 
cells of the blue crab, Callinectes sapidus. Mar. Environ. Res. 28: 93-97.
Lee, R.F., W.S. Keeran and G.V. Pickwell (1988). Marine invertebrate glutathione S- 
transferases: purification, characterization and induction. Mar. Environ. Res. 24: 97-100.
195
Lemaire, P., and D.R. Livingstone (1993). Pro-oxidant/antioxidant processes and 
organic xenobiotic interactions in marine organisms, in particular the flounder Platichthys 
flesus and the mussel Mytilus edulis. Trends in Comp. Biochem. Physiol. 1: 1119-1150.
Lemaire, P., P.J. den Besten, S.C.M. O'Hara and D.R. Livingstone (1993). 
Comparative metabolism of B[a]P by microsomes of hepatopancreas of the shore crab, 
Carcinus maenas L. and digestive gland of the common mussel M. edulis L. Polycyclic 
aromatic comp. 3 (supplement): 1133-1140.
Lemaire, P., L. Forlin and D.R. Livingstone (1996). Responses of hepatic 
biotransformation and antioxidant enzymes to CYPlA-inducers (3-methylcholanthrene, 
6-naphthoflavone) in sea bass (Dicentrarchus labrax), dab {Limanda limanda) and 
rainbow trout {Oncorhynchus mykiss). Aquat. Tox. 36: 141-160.
Lenoir, F., and M. Mathieu (1986). Utilisation de cultures dissociées dans I'etude des 
contrôles exerces sur la gametogenese chez la moule Mytilus edulis L. C.R. Acad, Sc, 
Paris, t.303, Serie III, no. 12, pp. 523-528.
Lenoir, F., I. Robbins, M. Mathieu, P. Lubet and P.A. Gabbott (1989). Isolation, 
characterization and glucose metabolism of glycogen cells (= vesicular connective-tissue 
cells) from the labial palps of the marine mussel Mytilus edulis. Mar. Biol. 101: 495-501.
Le Pennec, M., M. Diouris and A. Herry (1988). Endocytosis and lysis of bacteria in gill 
epithelium of Bathymodiolus thermophilus, Thyasira flexuosa and Lucinella divaricata 
(Bivalve, Molluscs). J. Shellfish Res. 7 (3): 483-489.
Levi, P.E., R.M. Hoiling worth and E. Hodgson (1988). Differences in oxidative 
dearylation and désulfuration of fenitrothion by cytochrome P450 isozymes and in the 
subsequent inhibition of monooxygenase activity. Pest. Biochem. Physiol. 32: 224-231.
196
Leys, S.P. (1997). Sponge cell culture: a comparative evaluation of adhesion to a native 
tissue extract and other culture substrates. Tissue & Cell 29 (1): 77-87.
Li, M.F., J.E. Stewart and R.E. Drinnan (1966). In vitro cultivation of cells of the 
oyster, Crassostrea virginica. J. Fish. Res. Board Can. 23 (4): 595-599.
Lindquist, S., and E.A. Craig (1988). The heat-shock proteins. Annu. Rev. Genet. 22: 
631.
Lindstrom-Seppa, P., and O. Hanninen (1986). Induction of cytochrome P-450 mediated 
mono-oxygenase reactions and conjugation activities in freshwater crayfish (Astacus 
astacus). Archives of Toxicology Suppl. 9: 374-377.
Lindstrom-Seppa, P., U. Koivusaari and O. Hanninen (1982). Cytochrome P-450 in the 
hepatopancreas of freshwater crayfish Astacus astacus L. In: E. Hietanen, M. Laitinen, 
O. Hanninen (eds). Cytochrome P-450: biochemistry, biophysics, and environmental 
implications, Elsevier Biomedical Press, pp. 251-254.
Lindstrom-Seppa, P., U. Koivusaari and O. Hanninen (1983). Metabolism of foreign 
compounds in freshwater crayfish (Astacus astacus L. ) tissues. Aquat. Tox. 3: 35-46.
Livingstone, D.R. (1991a). Organic xenobiotic metabolism in marine invertebrates. Adv. 
Comp. Env. Phys. 7: 45-185.
Livingstone, D.R. (1991b). Towards a specific index of impact by organic pollution for 
marine invertebrates. Comp. Biochem. Physiol. lOOC (1/2): 151-155.
Livingstone, D.R. (1994). Recent developments in marine invertebrate organic xenobiotic 
metabolism. TEN 1 (3): 88-94.
197
Livingstone, D.R. (1996). Cytochrome P-450 in pollution monitoring. Use of 
cytochrome P-450 lA  (CYPIA) as a biomarker of organic pollution in aquatic and other 
organisms. In: M. Richardson (ed.). Environmental Xenobiotics, Taylor & Francis, 
London, pp. 143-160.
Livingstone, D.R., and S. V. Farrar (1984). Tissue and subcellular distribution of 
enzyme activities of mixed-function oxygenase and benzo[a]pyrene metabolism in the 
common mussel, Mytilus edulis L. Sci. Total Environ. 39: 209-235.
Livingstone, D.R., and P.S. Goldfarb (1998). Biomonitoring in the aquatic environment: 
use of cytochrome P4501A and other molecular biomarkers in fish and mussels. In: J.M. 
Lynch and A. Wiseman (eds.). Environmental biomonitoring: the biotechnology 
ecotoxicology interface. Cambridge University Press, pp. 101-129.
Livingstone, D.R., and R.K. Pipe (1992). Mussels and environmental contaminants: 
molecular and cellular aspects. In: E. Gosling (ed.). The mussel Mytilus: ecology, 
physiology, genetics and culture. Developments in Aquaculture and Fisheries Science 
Vol. 25, Elsevier Science Publishers, Amsterdam, pp. 425-464.
Livingstone, D.R., M.N. Moore, D.M. Lowe, C. Nasci and S. V. Farrar (1985). 
Responses of the cytochrome P450 monooxygenase system to diesel oil in the common 
mussel Mytilus edulis L. and the periwinkle Littorina littorina. Aquat. Tox. 7: 79-91.
Livingstone, D.R., M.A. Kirchin and A. Wiseman (1989a). Cytochrome P-450 and 
oxidative metabolism in molluscs. Xenobiotica 19:1041-1062.
Livingstone, D.R., P. Garcia Martinez and G. W. Winston (1989b). Menadione- 
stimulated oxyradical formation in digestive gland microsomes of the common mussel, 
Mytilus edulis L. Aquat. Tox. 15: 213-216.
198
Livingstone, D.R., R. Arnold, K. Chipman, M.A. Kirchin and J. Marsh (1990). The 
mixed-function oxygenase system in molluscs: metabolism, responses to xenobiotics and 
toxicity. Oceanis 16 (5): 331-347.
Livingstone, D.R., F. Lips, P. Garcia Martinez and R. K. Pipe (1992). Antioxidant 
enzymes in the digestive gland of the common mussel, Mytilus edulis. Mar. Biol. 112: 
265-276.
Livingstone, D.R., L. Foerlin and S. G. George (1994). Molecular biomarkers and toxic 
consequences of impact by organic pollution in aquatic organisms. In: D. W. Sutcliffe 
(ed.). Water quality and stress indicators in marine and freshwater ecosystems: linking 
levels of organisation (individuals, populations, communities). Freshwater Biological 
Association, pp. 154-171.
Livingstone, D.R., P. Lemaire, A. Matthews, L.D. Peters, C. Porte, P.J. Fitzpatrick, L. 
Foerlin, C. Nasci, V. Fossato, A.N. Wootton and P.S. Goldfarb (1995). Assessment of 
the impact of organic pollutants on goby {Zosterisessor ophiocephalus) and mussel 
{Mytilus galloprovincialis) from the Venice Lagoon, Italy: biochemical studies. Mar. 
Environ. Res. 39: 235-240.
Livingstone, D.R., C. Nasci, M. Sole, L. Da Ros, S.C.M. O’Hara, L.D. Peters, V. 
Fossato, A.N. Wootton and P.S. Goldfarb (1997). Apparent induction of a cytochrome 
P450 with immunochemical similarities to CYPIA in digestive gland of the common 
mussel {Mytilus galloprovincialis L.) with exposure to 2,2’,3,4,4’,5’-hexachlorobi- 
phenyl and Arochlor 1254. Aquat. Tox. 38: 205-224.
Loizzi, R.F. (1971). Interpretation of crayfish hepatopancreatic function based on fine 
structural analysis of epithelial cell lines and muscle network. Z. Zellforsch. 113: 420- 
440.
199
Lotti, M. (1995). Cholinesterase inhibition: complexities in interpretation. Clin. Chem. 
41 (12): 1814-1818.
Lowe, D.M., M.N. Moore and K.R. Clarke (1981). Effects of oil on digestive cells in 
mussels: quantitative alterations in cellular and lysosomal structure. Aquat. Tox. 1: 213- 
226.
Lowe, D.M, and K.R. Clarke (1989). Contaminant-induced changes in the structure of 
the digestive epithelium of Mytilus edulis. Aquat. Tox. 15: 345-358.
Lowe, D.M., and R.K. Pipe (1994). Contaminant induced lysosomal membrane damage 
in marine mussel digestive cells: an m vitro study. Aquat. Tox. 30, 357-365.
Lowe, D.M., C. Soverchia and M.N. Moore (1995). Lysosomal membrane responses in 
the blood and digestive cells of mussels experimentally exposed to fluoranthene. Aquat. 
Tox. 33: 105-112.
Lowry, O.H., N.J. Rosebrough, A.L. Farr and R.J. Randall (1951). Protein 
measurement with the Folin phenol reagent. J. Biol. Chem. 193: 265-275.
Machii, A. (1991). Marine invertebrate tissue culture research in Japan. In: A. Rosenfield 
(ed). Marine invertebrate cell culture: breaking the barriers, p.l. Proceedings of an 
international workshop, 16 June 1991, Anaheim, California. NOAA Technical 
Memorandum NMFS-F/NEC-98.
Machii, A., and K.T. Wada (1989). Some marine invertebrates tissue culture. In: 
Mitsuhashi, J. (ed.). Invertebrate cell system applications, Vol.II. CRC press, Boca 
Raton, Florida, pp.225-233.
200
Margulis, B.A., O. Yu. Antropova and A.D. Kharazova (1989). 70kDa Heat shock 
protein from mollusc and human cells have common structural and funtional domains. 
Comp. Biochem. Physiol. 94B (4): 621-623.
Marsh, J.W., J.K. Chipman and D.R. Livingstone (1992). Activation of xenobiotics to 
reactive and mutagenic products by the marine invertebrates Mytilus edulis, Carcinus 
maenas andAsterias rubens. Aquat. Tox. 22: 115-128.
Martin-Alguacil, N., H. Babich, D.W. Rosenberg and E. Borenfreund (1991). /« vitro 
response of the brown bullhead catfish cell line, BB, to aquatic pollutants. Arch. 
Environ. Contam. Toxicol. 20: 113-117.
Mastropaolo, W., and J. Yourno (1981). An ultraviolet spectrophotometric assay for a- 
naphthyl acetate and a-naphthyl butyrate esterases. Anal. Biochem. 115: 188-193.
Mathieu, M., F. Lenoir and I. Robbins (1988). A gonial mitosis-stimulating factor in 
cerebral ganglia and hemolymph of the marine mussel Mytilus edulis L. Gen. Comp. 
Endocrinol. 72 (2): 257-263.
Mattson, M.P., and E. Spaziani (1985). Characterization of molt-inhibiting hormone 
(MIH) action on crustacean Y-organ segments and dispersed cells in culture and a 
bioassay for MIH activity. J. Exp. Zool.236 (1): 93-101.
McCord, J.M., and I. Fridovich (1969). Superoxide dismutase: an enzymatic function 
for eryhtrocuprein (hemocuprein). J. Biol. Chem. 244: 6049-6055.
McFadzen, I.R.B. (1992). Growth and survival of cryopreserved oyster and clam larvae 
along a pollution gradient in the German Bight. Mar. Ecol. Progr. Ser. 91: 215-220.
201
McHenery, J.G., G.E. Linley-Adams, D.C. Moore, G.K. Rodger and I.M. Davies 
(1997). Experimental and field studies of effects of dichlorvos exposure on 
acetylcholinesterase activity in the gills of the mussel, Mytilus edulis L. Aquat. Tox. 38: 
125-143.
Messer, L.I. and A.G. Wardlaw (1979). Separation of the coelomocytes of Echinus 
esculentus by density gradient centrifugation. In: M. Jangoux (ed.), Echinoderms: 
present and past. Balkena, Rotterdam, p. 319-323.
Meyers, D.E.R., R.A. Graf and I.M. Cooke (1992). Ionic currents of morphologically 
distinct peptidergic neurons in defined culture. J. Neurophysiol. 67 (5): 1301-1315.
Michel, X.R., P.M. Cassand, D.G. Ribera and J.-F. Narbonne (1992). Metabolism and 
mutagenic activation of benzo[a]pyrene by subcellular fraction from mussel {Mytilus 
galloprovincialis) digestive gland and sea-bass {Discenthrarcus labrax) liver. Comp. 
Biochem. Physiol. 103C (1): 43-51.
Michel, X.R., P. Suteau, L.W. Robertson, J.-F. Narbonne (1993). Effects of 
benzo[a]pyrene, 3,3',4,4'-tetrachlorobiphenyl and 2,2',4,4',5,5'-hexachlorobiphenyl on 
the xenobiotic-metabolising enzymes in the mussel, Mytilus galloprovincialis. Aquat. 
Tox. 27: 335-344.
Michel, X.R., C. Beasse and J.-F. Narbonne (1995). In vivo metabolism of 
benzo[a]pyrene in the mussel Mytilus galloprovincialis. Arch. Environ. Contamin. 
Toxicol. 28, 215-222.
Mitchelmore, C.L., C. Birmelin, D.R. Livingstone and J. K. Chipman (1998a). The 
detection of DNA strand breaks in isolated mussel (Mytilus edulis L.) digestive gland 
cells using the ‘comet’ assay. Ecotox. Environ. Safety, in press.
202
Mitchelmore, C.L., C. Birmelin, J. K. Chipman and D.R. Livingstone (1998b). 
Evidence for cytochrome P450 catalysis and free radical involvement in the production of 
DNA strand breaks by benzo[a]pyrene and nitroaromatics in mussel (Mytilus edulis L.) 
digestive gland cells. Aquat. Tox. 141(3): 198-221.
Mitsuhashi, I. (ed.) (1989). Invertebrate cell system applications. Vol. II, CRC Press, 
Boca Raton, Florida.
Mix, M.C., and A.K. Sparks (1971). Repair of digestive tubule tissue of the Pacific 
oyster, Crassostrea gigas. damaged by ionizing radiation. J. Invert. Pathol. 17: 172-177.
Moore, M.N., D.M. Lowe and S.L. Moore (1979). Induction of lysosomal 
destabilization in marine bivalve molluscs exposed to air. Mar. Biol. Lett. 1: 47-57.
Morcillo, Y., and C. Porte (1997). Interaction of tributyl- and triphenyltin with the 
microsomal monooxygenase system of molluscs and fish from the Western 
Mediterranean. Aquat. Tox. 38: 35-46.
Morris, C.B. (1995). Cryopreservation of animal and human cell lines. In: J.G. Day and 
M. R. McLellan (eds.). Methods in molecular biology. Vol. 38: Cryopreservation and 
freeze-drying protocols. Humana Press Inc., Totowa, NJ, pp. 179-188.
Morse, M.P., and J.D. Zardius (1997). Bivalvia. In: F.W. Harrison and A.J. Kohn 
(eds.). Microscopic Anatomy of Invertebrates, Vol. 6A: Mollusca II. New York, Wiley- 
Liss, pp 7-118.
Morton, B. (1983). Feeding and digestion in Mollusca. In: Saleuddin, A.S.M., & K.M. 
Wilbur (eds.). The Mollusca, Vol. 5: Physiology, part 2. Academic Press, London, pp. 
65-147.
2 0 3
Mothersill, C., F. Lyng, M. Lyons and D. Cottell (1995). Growth and differentiation of 
epidermal cells from the rainbow trout established as explants and maintained in various 
media. J. Fish Biol. 46: 1011-1025.
Müller, W.E.G., R. Steffen, B. Rinkevich, V. Matranga, B. Kurelec (1996). The 
multixenobiotic resistance mechanism in the marine sponge Suberites domuncula: its 
potential applicability for the evaluation of environmental pollution by toxic compounds. 
Mar. Biol. 125: 165-170
Nacci, D.E., S. Cayula and E. Jackim (1996). Detection of DNA damage in individual 
cells from marine organisms using the single cell assay. Aquat. Tox. 35: 197-210.
Nadala, E.C.B., Y. Lu, and P C. Loh (1993). Primary culture of lymphoid, nerve and 
ovary cells from Penaeus stylirostris and P. vannamei. In Vitro Cell. Dev. Biol. 29A: 
620-622.
Naganuma, T., B.M. Degnan, K. Horikoshi and D.E. Morse (1994). Myogenesis in 
primary cell cultures from larvae of the abalone, Haliotis rufescens. Mol. Mar. Biol. 
Biotechnol. 3 (3): 131-140.
Nelson, D.R., T. Kamataki, D.J. Waxman, F.P. Guengerich, R.W. Estabrook, R. 
Feyereisen, F.J. Gonzalez, M.J. Coon, I.C. Gunsalus, O. Gotoh, K. Okuda and D.W. 
Nebert (1993). The P450 superfamily: update on new sequences, gene mapping, 
accession numbers, early trivial names of enzymes, and nomenclature. DNA Cell Biol. 
12: 1-51.
Nelson, D.R., L. Koymans, T. Kamataki, J.J. Stegeman, R. Feyereisen, D.J. Waxman, 
M.R. Waterman, O. Gotoh, M.J. Coon, R.W. Estabrook, I.C. Gunsalus and D.W. 
Nebert (1996). P450 superfamily: update on new sequences, gene mapping, accession 
numbers and nomenclature. Pharmacogenetics 6: 1-42.
204
Nies, E., M.M. Almar, C. Hermenegildo, E. Monsalve and F J. Romero (1991). The 
activity of glutathione 5-transferase in hepatopancreas of Procambarus clarkii: seasonal 
variations and the influence of environmental pollutants. Comp. Biochem. Physiol. lOOC 
(1/2): 65-66.
Nigrelli, R.F., M.F. Stempien Jr., G.D. Ruggieri, V.R. Liguori and J.T. Cecil (1967). 
Fed. Proc. 26 (4): 1197.
Nott, J.A., and M.N. Moore (1987). Effects of polycyclic aromatic hydrocarbons on 
molluscan lysosomes and endoplasmic reticulum. Histochem. J. 19: 357-368.
Odintsova, N.A., and A.V. Khomenko (1991). Primary cell culture from embryos of the 
Japanese scallop Mizuchopecten yessoensis (Bivalvia). Cytotechnology 6: 49-54.
Odintsova, N.A., A.M. Nesterov and D.A. Korchagina (1993). A growth factor from 
tissues of the mussel Mytilus edulis. Comp. Biochem. Physiol. 105A (4): 667-671.
Odintsova, N.A., A.V. Ermak and L.G. Tsai (1994). Substrate selection for long-term 
cultivation of marine invertebrate cells. Comp. Biochem. Physiol. 107 A (4): 613-619.
Owen, G. (1970). The fine structure of the digestive tubules of the marine bivalve 
Cardium edule. Phyl. Trans. R. Soc. B, 258: 245-260.
Owen, G. (1972). Lysosomes, peroxisomes and bivalves. Science Progress, 60: 299- 
318.
Paulus, J.E., and H. Laufer (1987). Vitellogenocytes in the hepatopancreas of Carcinus 
maenas and Libinia emarginata (Decapoda brachyura). Int. J. Invert. Repr. Dev., 11: 29- 
44.
205
Peddie, C.M., and V J. Smith (1994). Mechanism of cytotoxic activity by hemocytes of 
the solitary ascidian Ciona intestinalis. J. Exp. Zool. 270 (4): 335-342.
Peddie, C M., and V.J. Smith (1995). ‘Lymphocyte-like’ cells in ascidians: precursors 
for vertebrate lymphocytes? Fish & Shellfish Immunol. 5 (8): 613-629.
Peek, K., and P.A. Gabbott (1989). Adipogranular cells from the mantle tissue of 
Mytilus edulis. L. I. Isolation, purification and biochemical characteristics of dispersed 
cells. J. Exp. Mar. Biol. Ecol. 126: 203-216.
Peek, K., P. A. Gabbott and N.W. Runham (1989). Adipogranular cells from the mantle 
tissue of Mytilus edulis. L. II. Seasonal changes in the distribution of dispersed cells in a 
preformed Percoll density gradient. J. Exp. Mar. Biol. Ecol. 126: 217-230.
Peek, K., and P.A. Gabbott (1990). Seasonal cycle of lysosomal enzyme activities in the 
mantle tissue and isolated cells from the mussel Mytilus edulis. Mar. Biol. 104: 403-412.
Perkins, E.G., and R.W. Menzel (1964). Maintenance of oyster cells in vitro. Nature 
204: 1106-1107.
Pfeifer, K., W. Frank, H.C. Schroder, V. Gamulin, B. Rinkevich, R. Batel, I.M. 
Müller and W.E.G. Müller (1993). Cloning of the polyubiquitin cDNA from the marine 
sponge Geodia cydonium and its preferential expression during reaggregation of cells. J. 
Cell Science 106: 545-554.
Pipe, R.K. (1990). Differential binding of lectins to haemocytes of the mussel Mytilus 
edulis. Cell Tissue Res. 261: 261-268.
206
Pipe, R.K. (1992). Generation of reactive oxygen metabolites by the haemocytes of the 
mussel, Mytilus edulis. Develop. Comp. Immunol. 16: 111-222.
Pipe, R.K., and M.N. Moore (1985). Ultrastructural changes in the lysosomal-vacuolar 
system in digestive cells of Mytilus edulis as a response to increased salinity. Mar. Biol. 
87: 157-163.
Pipe, R.K., and M.N. Moore (1986). Arylsulphatase activity associated with 
phenanthrene induced digestive cell deletion in the marine mussel Mytilus edulis. 
Histochem. J. 18: 557-564.
Pipe, R.K., and J.A. Coles (1995). Environmental contaminants influencing immune 
function in marine bivalve molluscs. Fish & Shellfish Immunol. 5: 581-595.
Pipe R.K., C. Porte and D.R. Livingstone (1993). Antioxidant enzymes associated with 
the blood cells and haemolymph of the mussel Mytilus edulis. Fish & Shellfish Immunol. 
3: 221-233.
Pipe, R.K., S.R. Farley and J.A. Coles (1997). The separation and characterization of 
haemocytes from the mussel Mytilus edulis. Cell Tissue Res. 289: 537-545.
Pomponi, S.A., R. Willoughby and J.E. Armstrong (1991). Marine sponge cell culture. 
In: A. Rosenfield (ed). Marine invertebrate cell culture: breaking the barriers, p. 17. 
Proceedings of an international workshop, 16 June 1991, Anaheim, California. NCAA 
Technical Memorandum NMFS-F/NEC-98.
Porcel, D., J.D. Bueno and A. Almendros (1996). Alterations in the digestive gland and 
shell of the snail Helix aspersa Müller (Gastropoda, Pulmonata) after prolonged 
starvation. Comp. Biochem. Physiol. 115A (1): 11-17.
207
Porte, C., M. Solé, J. Albaigés and D.R. Livingstone (1991). Responses of mixed- 
function oxygenase and antioxidase enzyme system of Mytilus sp. to organic pollution. 
Comp. Biochem. Physiol. lOOC (1/2): 183-186.
Porte, C., P. Lemaire, L.D. Peters and D.R. Livingstone (1995). Partial purification and 
properties of cytochrome P450 from the digestive gland microsomes of the common 
mussel Mytilus edulis L. Mar. Environ. Res. 39: 27-31.
Pritchard, J. B. (1993). Aquatic Toxicology: past, present and prospects. Environ. 
Health Persp. 100: 249-257.
Purchon, R.D. (1987). The stomach in the bivalvia. Phil. Trans. R. Soc. Lond. B 316: 
183-276.
Przysiezniak, J., and A.N. Spencer (1989). Primary culture of identified neurones from a 
cnidarian. J. Exp. Biol. 142: 97-113.
Quiot, J.M., C. Vago and J. Luciani (1968). Proc. Int. Colloq. Invertebr. Tissue Cult., 
2nd, 1967 p. 102.
Raftos, D.A., and A. Hutchinson (1995). Cytotoxicity reactions in the solitary tunicate 
Styela plicata. Dev. Comp. Immunol. 19 (6): 463-471.
Raftos, D.A., D.L. Stillman and E.L. Cooper (1990). In vitro culture of tissue from the 
tunicate Styela clava. In Vitro Cell. Dev. Biol., 26: 962-970.
Rebecchi, B., A. Franchini and A.M. Bolognani Fantin (1996). The digestive gland of 
Viviparus ater (Mollusca, Gastropoda, Prosobranchia): an ultrastructural and 
histochemical study. Tissue & Cell 28 (6): 731-739.
208
Reid, R.G.B. (1965). The structure and function of the stomach in bivalve molluscs. J. 
Zool. 147: 156-184.
Reinisch, C.L. (1991). Models to illustrate the needs, uses, and benefits of marine 
invertebrate cell culture. In: A. Rosenfield (ed). Marine invertebrate cell culture: breaking 
the barriers, p.5. Proceedings of an international workshop, 16 June 1991, Anaheim, 
California. NCAA Technical Memorandum NMFS-F/NEC-98.
Reinisch, C.L., A.M. Charles and A.M. Troutner (1983). Unique antigens on neoplastic 
cells of the softshell clam Mya arenaria. Dev. Comp. Immunol. 7: 33-39.
Remane, A., V. Storch and U. Welsch (1986). Systematische Zoologie. 3rd edition, 
Gustav Fischer Verlag, Stuttgart.
Rice, V.R., R. Mueller and W.J. Adelman, jr. (1990). Tissue culture of squid neurons, 
glia and muscle cells. In: D.L. Gilbert, W.J. Adelman jr. & J.M. Arnold (eds.). Squid as 
Experimental Animals. Plenum, New York, pp. 195-212.
Rinkevich, B., and C. Rabinowitz (1993). In vitro culture of blood cells from the 
colonial protochordate Botryllus schlosseri. In Vitro Cell. Dev. Biol. 29A: 79-85.
Rinkevich, B., and C. Rabinowitz (1994). Acquiring embryo-derived cell cultures and 
aseptic metamorphosis of larvae from the colonial protochordate Botryllus schlosseri. 
Inv. Reprod. Develop. 25 (1): 59-72.
Roberts, D.A., G.E. Hofmann and G.N. Somero (1997). Heat-shock protein expression 
in Mytilus californianus: acclimatization (seasonal and tidal-height comparisons) and 
acclimation effects. Biol. Bull. 192: 309-320.
209
Rodrigues, A.D., G.G. Gibson, C. loannides and D.V. Parke (1987). Interactions of 
imidazole antifouling agents with purified cytochrome P450 proteins. Biochem. 
Pharmacol. 36: 4277-4281.
Rosenfield, A. (1991). Marine invertebrate cell culture research in North America. In: A. 
Rosenfield (ed). Marine invertebrate cell culture: breaking the barriers, p.2. Proceedings 
of an international workshop, 16 June 1991, Anaheim, California. NCAA Technical 
Memorandum NMFS-F/NEC-98.
Sanders, B. (1988). The role of stress protein response in physiological adaptation of 
marine molluscs. Mar. Environ. Res. 24: 207.
Sanders, B. (1990). Stress proteins: potential as multitiered biomarkers. In: J.F.M. 
Carthy and L.R.Shugart (eds.). Biomarkers of environmental contamination, chapter 9. 
Lewis Publis., pp. 165-191.
Sanders, B. (1993). Stress proteins in aquatic organisms: an environmental prespective. 
Crit. Rev. Toxicol. 23 (1): 49-75.
Sanders, B., L.S.Martin, W.G. Nelson, D.K. Phelps and W.Welch (1991). 
Relationships between accumulation of a 60kDa stress protein and scope-for-growth in 
Mytilus edulis exposed to a range of copper concentrations. Mar. Environ. Res. 31: 81- 
97.
Sarojini, R., P.S. Reddy, R. Nagabhushanam and M. Fingerman (1993). Naphthalene- 
induced cytotoxicity on the hepatopancreatic cells of the red swamp crayfish, 
Procambarus clarkii. Bull. Environ. Contam. Toxicol. 51: 689-695.
210
Schacher, S., and E. Proshanksy (1983). Neurite regeneration by Aplysia neurons in 
dissociated ce 11 culture: modulation hy Aplysia hemolymph and the presence of the initial 
axonal segment. J Neuroscience 3 (12): 2403-2413.
Schenkman, J.B., S.G. Sligar and D.L. Cinti (1982). Substrate interaction with 
cytochrome P-450. In: J.B. Schenkman and D. Kupfer (eds.). Hepatic cytochrome P- 
450 monooxygenase system. Pergamon Press, Oxford, pp. 587-615.
Schlage, W.K. (1988). Isolation and characterization of a fibronectin from marine 
coelenterates. Eur. J. Cell. Biol. 47 (2): 395-403.
Schlenk, D. (1993). A comparison of endogenous and exogenous substrates of the 
flavin-containing monooxygenases in aquatic organisms. Aquat. Tox. 26: 157-162.
Schlenk, D., and D.R. Buhler (1989). Determination of multiple forms of cytochrome 
P450 in microsomes from the digestive gland of Cryptochiton stelleri. Biochem. 
Biophys. Res. Comm. 163 (1): 476-480.
Schlenk, D., and D.R. Buhler (1991). Flavin-containing monooxygenase activity in liver 
microsomes from the rainbow trout {Oncorhynchus my kiss). Aquat. Tox. 20: 13-24.
Singh, N.P., R.R. Tice, R.E. Stephens and E.L. Schneider (1991). A microgel 
electrophoresis technique for the direct quantitation of DNA damage and repair in 
individual fibroblasts cultured on microscope slides. Mutat. Res. 252: 289-296.
Smerdon, G.R., J.P.Chapple and A.J.S. Hawkins (1995). The simultaneous 
immunological detection of four stress-70 protein isoforms in Mytilus edulis. Mar. 
Environ. Res. 40 (4): 399-407.
211
Smith, V J., and N.A. Ratcliffe (1978). Host defence reactions of the shore crab, 
Carcinus maenas L. in vitro. J. Mar. Biol. Assoc. U.K. 58 (2): 367-379.
Smith, V.J., and K. Soederhaell (1983). Beta-1,3 glucan activation of crustacean 
hemocytes in vitro and in vivo. Biol. Bull. 164 (2): 299-314.
Schlenk, D., and D.R. Buhler (1989). Determination of multiple forms of cytochrome P- 
450 in microsomes from the digestive gland of Cryptochiton stelleri. Biochem. Biophys. 
Res. Comm. 163 (1): 476-480.
Sole, M., C. Porte and J. Albaigés (1995). Seasonal variation in the mixed-function 
oxygenase system and antioxidant enzymes of the mussel Mytilus galloprovincialis. 
Environ. Toxicol. Chem. 14: 157-164.
Solé, M., C. Porte, X. Biosca, C. Mitchelmore, J.K. Chipman, D.R. Livingstone and J. 
Albaigés (1996). Effects of the ‘Aegean Sea’ oil spill on biotransformation enzymes, 
oxidative stress and DNA adducts in digestive gland of the mussel {Mytilus edulis L.). 
Comp. Biochem. Physiol. 113C: 257-265.
Solé, M., L.D. Peters, K. Magnussen, A. Sjolin, Â. Granmo and D.R. Livingstone 
(1998). Responses of the cytochrome P450-dependent monooxygenase and other 
protective enzyme systems in digestive gland of transplanted common mussel {Mytilus 
edulis L.) to organic contaminants in the Skagerrak and Kattegat. Biomarkers, in press.
Speicher, D.W. (1987). Heterogeneity of proteolytic enzyme preparations commonly 
employed for dispersal of solid tissues. In: T.G. Pretlow & T.P. Pretlow (eds). Cell 
Separation: Methods and Selected Applications, Vol. 4, Academic Press, pp. 353-375.
Stegeman, J.J., M. Brouwer, R.T.Di Giulio, L. Forlin, B.A. Fowler, B.M. Sanders and 
P.A. Van Veld (1992). Molecular responses to environmental contamination: enzyme and
212
protein systems as indicators of chemical exposure and effect. In: R.J. Huggett, R.A. 
Kimerle, P.M. Mehrle Jr., H.L. Bergman (eds.). Biomarkers: biochemical, physiological 
and histological markers of anthropogenic stress, chapter 9, Lewis Publis, London, pp. 
235-335.
Stegeman, J.J, and M.E. Hahn (1994). Biochemistry and molecular biology of 
monooxygenases: current perspectives on forms, functions and regulation of cytochrome 
P450 in aquatic species. In: D.M. Malins & G.K. Ostrander (eds.). Aquatic toxicology: 
molecular, biochemical and cellular perspectives. Lewis publishers.
Steinebach, G. (1985). Lebensraum Kueste. Mosaik Verlag, Muenchen.
Steinert, S.A. (1996). Contribution of apoptosis to observed DNA damage in mussel 
cells. Mar. Environ. Res. 42 (1-4): 253-259.
Steinert, S.A., and G.V. Pickwell (1988). Expression of heat-shock proteins and 
metallothionein in mussels exposed to heat stress and metal ion exchange. Mar. Environ. 
Res. 24: 211-214.
Szabo, G., and J.M. Arnold (1963). Studies of melanin biosynthesis in the ink sac of the 
squid {Loligo pealii). III. In vitro culture of tissues and isolated cells from the adult ink 
gland, Biol. Bull. 125A: 393-394.
Takimoto, Y., M. Ohshima and J. Miyamoto (1987). Comparative metabolism of 
fenitrothion in aquatic organisms. II. Metabolism in the freshwater snails, 
Cipangopaludina japonica and Physa acuta. Ecotox. Environ. Safety 13: 118-125.
Tapay, L.M., Y. Lu, J.A. Brock, E.C.B. Nadala jr. and P.C. Loh (1995). 
Transformation of primary cultures of shrimp {Penaeus sty liras tris) lymphoid (Oka) 
organ with Simian Virus-40 (T) antigen. Proc. Soc. Exp. Biol. Med. 209 (1): 73-78.
213
Teunissen, Y., W.P.M. Geraerts, H. van Heerikhuizen, R.J. Planta and J. Joose (1992). 
Molecular cloning of a cDNA encoding a member of a novel cytochrome P450 family in 
the mollusc Lymnaea stagnalis. J. of Biochem. 112: 249-252.
Thompson, R.J., N.A. Ratcliffe and B.L. Bayne (1974). Effects of starvation on 
structure and function in the digestive gland of the mussel Mytilus edulis L. J. Mar. Biol. 
Ass. U.K. 54: 699-712.
Towbin, H., T. Staehlin and J. Gordon (1979). Electrophoretic transfer of proteins from 
polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proc. 
Natl. Acad. Scienc. USA 76: 4350-4354.
Veldhuizen-Tsoerkan, M.B., D.A. Holwerda, C.A. van der Mast and D.L Zandee 
(1990). Effects of cadmium exposure and heat shock on protein synthesis in gill tissue of 
the sea mussel Mytilus edulis L. Comp. Biochem. Physiol. 96C (2): 419-426.
Venier, P., and S. Canova (1996). Formation of DNA adducts in the gill tissue of 
Mytilus galloprovincialis treated with benzo[a]pyrene. Aquat. Toxicol. 34: 119-133.
Viarengo, A., L. Canesi, M. Pertica and D.R. Livingstone (1991). Seasonal variations in 
the antioxidant defence systems and lipid peroxidation of the digestive gland of mussels. 
Comp. Biochem. Physiol. lOOC (1/2): 187-190.
Walker, C.W., S.A. Key, J.E. Mulkern, S. Verma and J.A. Jacobs (1996). Expression 
of the tumor suppressor gene, P53, in normal and leukemic clam blood cells in vivo and 
in vitro. Annual Meeting National Shellfisheries Association, Baltimore, Maryland, p. 
520.
214
Warr, G.W., J.M. Decker and D.D. Mandel (1977). Lymphocyte-like cells from the 
tunicate Pyura stolonifera: binding of lectins, morphological and functional studies. 
Austr. J. Exp. Biol. Med. Sci. 55: 151-164.
Winston, G.W., D.R. Livingstone and F. Lips (1990). Oxygen reduction metabolism by 
the digestive gland of the common marine mussel Mytilus edulis L. J. Exp. Zool. 255: 
296-308.
Winston, G.W., and R.T. Di Giulio (1991). Prooxidant and antioxidant mechanisms in 
aquatic organisms. Aq. Toxicol. 19: 137-161.
Winston, G.W., M.O. James and C.S.E Jewell (1993). In vitro studies of 
benzo[a]pyrene metabolism by the phylum Crustacea. Polycyclic Aromatic Compounds 3 
(Suppl.): 1079-1086.
Wong, R.G., E.C. Martel and S.B. Kater (1983). Conditioning factor(s) produced by 
several molluscan species promote neurite outgrowth in cell culture. J. Exp. Biol. 105: 
389-393.
Wootton, A.N., C. Herring, J.A. Spry, A. Wiseman, D.R. Livingstone and P.S. 
Goldfarb (1995). Evidence for the existence of cytochrome P450 gene families (CYPIA, 
3A, 4A, 11 A) and modulation of gene expression (CYPIA) in the mussel Mytilus sp. 
Mar. Env. Res. 39: 21-26.
Wootton, A.N., P.S. Goldfarb, P. Lemaire, S.C.M. O'Hara and D.R. Livingstone 
(1996). Characterization of the presence and seasonal variation of a CYPlA-like enzyme 
in digestive gland of the common mussel Mytilus edulis. Mar. Env. Res. 42 (1-4): 297- 
301.
215
Wyatt, G.R., and S.S. Wyatt (1976). The development of an insect tissue culture 
medium. In: E. Kurstak & K. Maramorosch (eds.). Invertebrate Tissue Culture: 
Applications in Medicine, Biology, and Agriculture. Academic Press, pp.249-255.
Yawetz, A., R. Manelis and L. Fishelson (1992). The effects of Aroclor 1254 and 
petrochemical pollutants on cytochrome P450 from the digestive gland microsomes of 
four species of Mediterranean molluscs. Comp. Biochem. Physiol. 103C (3): 607-614.
Yonge, C.M. (1926). The digestive diverticula in the lamellibranchs. Transactions of the 
Royal Society of Edinburgh 54: 703-718.
Zaroogian, G., and P. Yevich (1994). The nature and function of the brown cell in 
Crassostrea virginica. Mar. Environ. Res. 37: 355-373.
Zaroogian, G., and S. Anderson (1995). Comparison of cadmium, nickel and 
benzo[a]pyrene uptake into cultured brown cells of the hard shell clam, Mercenaria 
mercenaria. Comp. Biochem. Physiol. 111C (1): 109-116.
Antonsson C et al.{\995). Distinct roles of the molecular chaperone HSP90 in modulating dioxin 
receptor function via the basic helix-loop-helix and PAS domains. Molecular and Cellular Biology 
15: 756-765.
216
APPENDIX
217
€ubvW((kJi
C oiuo. G I'ocl'^l/t, 3''°^ '
Characterization of Biotransformation Enzyme Activities and DNA 
Integrity in Isolated Cells of Digestive Gland of the Common 
Mussel, Mytilus edulis L.
C. Birmelin, -^'  ^C. L. Mitchelmore? P. S. Goldfarb? andD. R. Livingstone'^
'SCHOOL OF BIOLOGICAL SCIENCES, UNIVERSITY OF SURREY, GUILDFORD, 
SURREY GU2 5XHrUK; ^NERC PLYMOUTH MARINE LABORATORY, CITADEL HILL, 
PLYMOUTH PLl 2PB, UK; and ^SCHOOL OF BIOCHEMISTRY, UNIVERSITY OF 
BIRMINGHAM, EDGBASTON, BIRMINGHAM B 15 2TT, UK.
Correspondence to: C. Birmelin, Plymouth Marine Laboratory, Citadel Hill, Plymouth PLl 
2PB, UK; Tel. 44-1752-633100; FAX 44-1752-633102; Email C.Birmelin@pmi.ac.uk
Tables: 1 
Figures: 1
Running title: Isolated cells of mussel digestive gland
Abbreviations: BaP. benzo[a]pyrene; CDNB, l-chloro-2,4-dinitrobenzene: CMFS, Ca“^ -Mg"’*’ 
free saline: DCPIP, dichlorophenolindophenol; DTD, DT-diaphorase: GST, glutathione S- 
transferase; MFO, mixed-function oxygenase; PS, physiological saline; ROS, reactive oxygen 
species; SOD, superoxide dismutase.
Characterization of biotransformation and antioxidant enzyme activities and DNA integrity was 
carried out on isolated ceils of the major biotransformation organ (digestive gland) of M. edulis 
as a first step in developing a cell culture system for use in toxicology. Digestive gland cells 
were isolated by trypsin or non-protease tissue dissociation procedures, followed by filtration 
and differential centrifugation. Both dissociation methods produced a mixture of smaller cell 
types and large digestive cells at a viability of over 90% (EOSIN Y exclusion). The specific 
activities (per mg protein) of 10,000 g supernatants from freshly isolated digestive gland mixed­
cell populations produced by either dissociation method were similar to those from whole 
digestive gland for the antioxidant enzymes superoxide dismutase (EC 1.15.1.1) and catalase 
(EC 1.11.1.6), but from 3- to 10-fold lower for the biotransformation enzyme activities 
benzo[a]pyrene hydroxylase, glutathione-S-transferase (EC 2.5.1.18; substrate: l-chloro-2,4- 
dinitrobenzene) and NADPH-dependent DT-diaphorase (EC 1.6.99.2). Cells produced by 
tiypsin dissociation showed significant increased DNA strand breakage as measured by the 
single cell electrophoretic 'comet' assay, viz. % comet tail DNA increased from 10.3 ± 2.3 
(control) to 19.8 ± 4.1 (0.01 % wt./v trypsin) to 23.7 ± 3.2 (0.1 %) (mean ± SD). Cell yields 
from digestive gland were only slightly lower for non-enzymic compared to trypsin dissociation 
for the same time period of dissociation, indicating the former as a preferred method of cell 
culture preparation.
KEY WORDS: Benzo[a]pyrene hydroxylase, catalase, digestive gland cell culture, DNA strand 
breakage, DT-diaphorase, glutathione-5-transferase, Mytilus edulis, superoxide dismutase
INTRODUCTION
Primary cell culture systems of different aquatic organisms are being increasingly developed for 
use in toxicity testing, mechanistic studies, and ecotoxicology of the aquatic environment. 
Whereas a number of fish cell types, particularly hepatocytes, have been used for such purposes 
(1, 28, 7), much less is known of cell systems from aquatic invertebrates. Major phylogenetic 
differences can exist in pathways of biotransformation and toxicity between vertebrates and 
invertebrates and between different invertebrate phyla (12), necessitating the development of 
cell cultures for all major animal groups. Various freshly isolated or cultured cell types have 
been used from molluscan species in toxicological studies, including_digestive gland and blood 
cells of the common mussel, Mytilus edulis (17, 18), brown cells of the clam Mercenaria 
mercenaria (36), and heart cells of the oyster Crassostrea gigas (4). Optimal conditions for 
maintaining and culturing marine invertebrate cells have also been examined (27, 31, 25, 33).
M. edulis is widely used both as a model species in bivalve toxicology and as a sentinel in 
pollution monitoring (13). The digestive gland was chosen for development of a cell culture 
system for use in molluscan toxicology because it is the main organ of metabolism of organic 
xenobiotics (foreign compounds) and the main tissue site of biotransformation and antioxidant 
enzyme activities (12). The objectives of this work were to obtain viable isolated cells from the 
digestive gland of M. edulis and to compare the activities of selected biotransformation and 
antioxidant enzymes with those of whole tissue. The former comprised the phase I mixed- 
function oxygenase (MFO) or cytochrome P450 monooxygenase system (13) and phase H 
glutathione 5-transferase (GST; EC 2.5,1.18) (6), and the latter superoxide dismutase (SOD; EC 
1.15.1.1) and catalase (EC 1.11.1.6) (15). The activity of DT-diaphorase (NAD(P)H : quinone 
oxidoreductase) (DTD; EC 1.6.99.2), which has functions in both biotransformation 
(metabolism of quinones) and as an antioxidant enzyme (prevents redox cycling of quinones to 
produce reactive oxygen species [ROS]) (14) was also compared. MFO activity was measured 
in terms of benzo[a]pyrene (BaP) hydroxylase which is known to be catalysed by digestive 
gland cytochrome P450 (30, 16, 13). Additionally, the effects of the cell isolation procedure on
DNA integrity was examined using the single cell electrophoretic ‘comet’ which measures DNA 
strand breaks and has been previously applied to M. edulis digestive gland cells (21).
MATERIAL AND METHODS
Chemicals and animals
All biochemicals and commercial enzymes, including dichlorophenolindophenol (DCPIP), 
reduced glutathione (GSH), 1 -chloro-2,4-dinitrobenzene (CDNB) and xanthine oxidase 
(E.C. 1.2.3.2) were obtained from Sigma Chemical Co., UK. 3-hydroxy-BaP standard was 
obtained from the NCI Chemical Carcinogen Repository, Kansas City, USA. Cell culture 
chemicals were from GibcoBRL Technologies, UK. Af. edulis (length 4-6cm) from a clean 
site near Plymouth, UK were cleaned of epibiotic growth, and the shells sprayed with 75 % 
ethanol and dried. The animals were kept overnight in filtered, aerated sea water at 15 °C to 
clear gut contents.
Preparation o f isolated cells and measurement o f cell viability
All procedures were carried out at 15 °C. The digestive gland was carefully dissected out, 
weighed and washed twice in Ca '^ -^Mg '^  ^ free saline (CMFS) buffer (1100 mOsm; 20 mM 
HEPES-NaOH pH 7.3 containing 500 mM NaCl, 12.5 mM KCl and 5mM 
ethylenediaminetetraacetic acid [EDTA]) (27) and minced into small (2 mm) pieces. The 
dissociation protocol of Lowe and Pipe (17) was used as the basis for determining the procedure 
yielding the highest number of viable cells. The minced pieces from about 10 digestive glands 
were washed twice in CMFS buffer and transferred to trypsinizing flasks containing either 100 
ml CMFS alone or CMFS containing 0.01 or 0.1 % w/v trypsin. The tissue pieces were slowly 
agitated in a regular manner for 1 to 4 hours, and aliquots of cell suspension removed every 30 
minutes and replaced with fresh CMFS or trypsin/CMFS solution. Cell suspensions were 
filtered through 100 fim and 40 p-m cell strainers to remove cell clumps and oocytes (if present). 
The filtrate was centrifuged at approximately xlOOg for 5 minutes to spin down predominantly 
the larger cell types, and then again at x200g for 5 minutes to obtain the smaller cell types. The
pelleted cells from both spins were resuspended in physiological saline (PS) buffer (1 l(X)mOsm, 
20 mM HEPES-NaOH pH 7.3 containing 436 mM NaCl, 10 mM KCl, 53mM MgSO^ and 10 
mM CaCl2) and recombind to a density of approximately 2 to 3 million cells per ml. Viability of 
isolated cells was measured by dye exclusion using the red dye EOSIN Y^(22).
Preparation o f subcellular fractions from tissue and isolated cells and measurement o f enzyme 
activities
Postmitochondrial subcellular fractions (10,000g supernatants) were prepared from both whole 
tissue and cell suspensions of digestive gland taken from the same .group of M. edulis. Pooled 
digestive glands of 5 to 10 Af. edulis were used for each whole tissue or isolated cell subcellular 
preparation, and each preparation was made in triplicate. Whole tissues were homogenised in a 
1 : 4 tissue weight : buffer volume in 10 mM Tris-HCl pH 7.6 containing 0.5 M sucrose, 0.15 M 
KCl and LmM EDTA, and centrifuged at 200g for 10 minutes followed by 10,000g for 30 
minutes. The resulting 10,000g supernatant was used immediately for determination of enzyme 
activities. Pelleted isolated cell mixtures were prepared from minced digestive gland in CMFS 
buffer as described above, resuspended in the same homogenisation buffer as for the tissue, and 
then sonicated for 3 x 5 seconds (MSE sonicator - minimum setting) to release cell contents. 
The resulting suspension was centrifuged at 200g for 10 minutes followed by 10,000g for 
30minutes, and the 10,000g supernatant used immediately for enzyme activity determination. 
The protein contents of the lO.OOOg supernatant from whole tissue and cell suspensions were 
respectively 10 to 20 and 5 to 10 mg m l'\
Enzyme activities were measured in a final assay volume of 1 ml at 25 °C as described in 
Livingstone et al., (15) (SOD, catalase), Livingstone et al. (14) (DTD), Livingstone et al. (16) 
(BaP hydroxylase) and Fitzpatrick and Sheehan (6) (GST). All assays were carried out in 
duplicate, SOD activity (catalyses 2 Oi' + 2 H"^  O? + HiOo) was measured by the inhibition of 
hypoxanthine/xanthine oxidase-generated Oi" reduction of cytochrome c at 550 nm; 1 SOD unit 
is defined as the amount of sample inhibiting cytochrome c reduction by 50 % under the 
specified conditions of the assay. Catalase activity (catalyses 2 HiO? 2 HiO + O2 ) was
measured by the consumption of H2 O2 at 240 nm. NAD(P)H-dependent DTD activity (catalyses 
quinone + NAD(P)H + > hydroquinone) was measured as dicoumarol-inhibitable DCPIP
reductase activity by the formation of reduced DCPIP at 600 nm. BaP hydroxylase activity was 
measured by the increase in fluorescence due to primarily the formation of 3-hydroxy-BaP and 
other phenols (excitation: 467 nm: emission: 525 nm), and quantified using authentic 3- 
hydroxy-BaP as standard. GST activity was measured using CDNB as substrate by the 
formation of the conjugate product at 340 nm. Total protein was measured by the method of 
Lowry et al. (19).
Single cell gel electrophoresis (comet assay)
DNA damage due to strand breaks in isolated M. edulis digestive gland cells was quantified 
using the single cell gel electrophoresis (‘comet‘ assay). The procedure used follows the method 
described in Mitchelmore et al. (22). Cells isolated in CMFS alone or in CMFS containing 0.01 
or 0.1 % trypsin and pelleted as described above were resuspended in PS, sandwiched between 
agarose on frosted slides, and cells lysed in freshly made lysing solution (10 % 
dimethylsulphoxide, 1 % triton X-100, 2.5 M NaCl, 100 mM EDTA, 10 mM Tris and 1 % 
sodium sarcosinate at pH 10) for at least 1 hour at 4 °C. DNA unwinding was carried out in an 
alkaline solution (0.075 M NaOH, 1 mM EDTA; for 20 minutes at pH >12. Following 
horizontal electrophoresis at 25 V and 300 mA for 10 minutes, cells were neutralised in 0.4 M 
Tris-HCl pH 7.5 for 5 minutes and the DNA stained with 50jil ethidium bromide (20 pg ml '). 
Comets were viewed under green fluorescence and analysed using image analysis (Kinetic 
Imaging Ltd., UK). The percentage of DNA which migrated into the tail region of the comet 
(i.e. % tail DNA) was used as the critérium for DNA strand breakage.
Statistical analysis
Values are presented as mean ± SD. Groups of values were compared using student’s r-test, 
accepting p < 0.05 as significant.
RESULTS
The main cell types known to be present in the digestive gland are large granular digestive cells 
and a number of small cell types including basophilic cells, flagellated or ciliated epithelial cells 
and crypt cells (see Discussion for references). Also present can be mantle cells, blood cells, 
and, depending on the season, oocytes and sperm in the ducts and tubules. Centrifugation of cell 
mixtures at xlOOg produced the highest yield of large digestive cells (higher centrifugal forces 
decreased yield considerably), whereas x200g was required to pellet most of the small cell types 
(data not shown). This two-step centrifugation procedure produced a mixed population of 
digestive gland cells at a yield of 2.91 ± 0.95 x 10  ^ and 3.78 ± 0.82 x 10^  cells per gram wet 
weight of tissue (n = 4-8) for tissue dissociation by respectively CMFS and CMFS containing
0.1 % trypsin. Cell yield of the latter could be increased by extending the tissue dissociation 
time. Both tissue dissociation procedures yielded digestive cells and smaller cell types in a ratio 
of about 1 to 10 and at a viability of over 90 %.
Comparison of enzyme activities in lO.OOOg supernatants from isolated cell mixtures or whole 
tissue of digestive gland are given in Table 1. Although mean values were lower, no statistical 
difference (p = 0.05) was seen between tissue and isolated cells in specific activities of the 
antioxidant enzymes SOD, catalase and NADH-dependent DTD. In contrast, lower specific 
activities of NADPH-dependent DTD (3.6-fold lower), GST (4.1-fold) and in particular BaP 
hydroxylase (11.6-fold) were seen in cells compared to tissue. No differences in any of the 
enzyme activities were seen in cells produced by tissue dissociation by trypsin compared to non­
trypsin treatment (data not shown).
The effect of trypsin treatment on cell viability and DNA strand breakage as measured by the 
comet assay are shown in Figure 1. Whereas cell viability was unaffected by trypsin 
concentrations up to 0.1 %, the percentage of DNA in the comet tail increased with increasing 
trypsin concentration from 10.3 ± 2.3 (control) to 19.8 ± 4.1 (0.01 % trypsin) to 23.7 ± 3.2 (0.1 
% trypsin).
DISCUSSION
Much is known of the cell composition, tissue structure and biology of the digestive gland (26, 
10, 23, 9), and previous studies have indicated the usefulness of isolated cells in toxicological 
studies (17, 18, 3). The tissue dissociation and two-step centrifugation protocol developed 
produced good yields of mixed-cell types (digestive cells and smaller cell types) at high 
viability. However, a major consideration in the development of cell culture systems is the 
extent to which cell functioning and integrity may be affected compared to the intact tissue 
situation (2). This was investigated in terms of enzyme activities and DNA integrity.
The enzyme status of the isolated cells was assessed in terms of biotransformation enzyme 
activities of phase I (BaP hydroxylase, DTD) and phase II (GST) metabolism, and activities of a 
number of antioxidant enzymes (SOD, catalase, DTD) known to be present in digestive gland of 
M. edulis and other bivalve molluscs (12). The former are important in vivo in the metabolism 
of BaP (20) and other organic xenobiotics (12), whereas the latter are thought to play a key role 
in protecting against basal and contaminant-stimulated ROS production (34, 35, 11). 
Comparison was made between the same subcellular fraction of whole tissue and isolated cells 
(10,000g supernatant containing cytosol and microsomes), although the latter will likely not be 
entirely representative, qualitatively or quantitatively, of the tissue because cell composition will 
change during isolation of the cell mixture. Different results were obtained for different enzyme 
activities which may be due to differences in cellular distribution and/or stability of the 
enzymes. The similar specific activities of SOD and catalase in 10,000g supernatant of both 
isolated cells and tissues indicate that the enzymes are stable and that the cells have maintained 
their antioxidant capacity with respect to these two enzymes. The former is likely to be a 
measure of the CuZnSOD form which is present in the cytosol of digestive gland (as opposed to 
the mitochondrial MnSOD), whereas the latter is likely present in peroxisomes as has been 
shown for whole tissue (15). The similar activities of CuZnSOD and catalase in isolated cells 
compared to tissue also indicate that the enzymes have a wide distribution in different cell types. 
This conclusion is supported by the observations in M. edulis of peroxisomes in numerous cell 
types of digestive gland (digestive, basophil and epithelial cells) (15) and both CuZnSOD and
catalase activities in blood cells (29). The lower activities of GST and in particular BaP 
hydroxylase activities in isolated cells compared to whole tissue could indicate that they are 
predominantly located in the large, more fragile digestive cells which will be disproportionally 
lost compared to the smaller cell types during cell isolation. However, the difference could also 
be due to a lower stability of the enzymes and a loss of their catalytic activity. Loss of 
biotransformation enzyme activity is a common problem in cell culture, and studies on fish 
hepatocytes indicate that GST activity is more stable than cytochrome P450-catalysed MFO 
activities (5), which is consistent with the results for M. edulis. Purification studies of GSTs (6) 
and cytochrome P450^(30) from M. edulis also indicate that the former are more stable enzymes. 
However, despite the lower BaP hydroxylase activity, the cells are indicated to still have a 
capacity for cytochrome P450-catalysed xenobiotic metabolism from studies on their activation 
of BaP to mutagenic species (22). The possibility of different cellular distributions for different 
enzymes i& also supported by the results for DTD. NADPH-dependent DTD activity has a 
proportionally higher distribution in smooth endoplasmic reticulum compared to cytosol of M. 
edulis digestive gland than the NADH-dependent DTD activity (14). Smooth endoplasmic 
reticulum is prevalent in the digestive cells (24), which is consistent with a loss of such cells 
during cell isolation and the resultant lower activity of NADPH- than NADH-dependent DT 
activities in the cells compared to the tissue.
In contrast to enzyme activities and cell viability, differences in DNA integrity were seen for 
non-protease compared to trypsin tissue dissociation procedures, the latter resulting in increased 
strand breakage. Although treatment with trypsin may cause damage to DNA (32), the reason 
for the effect on the M. edulis cells is unknown. However, possible mechanisms include 
proteolysis of protective proteins leading to exposed DNA and oxidative damage by ROS (8). 
Overall, the result demonstrate that trypsin is not necessary or advisable for preparation of 
isolated cells from M. edulis digestive gland, and that such cell systems offer potential for use in 
toxicological studies.
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Table 1. Specific activities (per mg protein) of antioxidant and biotransformation enzymes 
in 10,000g supernatants of whole tissue and isolated ceils of M. edulis digestive gland
Enzyme activity Tissue Isolated cells
Catalase (jimol/min) 50.0 ±8.1 34.2 ±4.6
Superoxide dismutase (SOD units) 4.21 ±0.69 3.29 ± 0.34
NADH-DT-diaphorase (nmol/min) 12.0 ± 2.0 9.92 ± 2.64
N ADPH-DT-diaphorase (nmol/min) 5.99 ± 1.68 1.68 ±0.67*
Benzo[a]pyrene hydroxylase (pmol/min) 0.051 ±0.02 0.004 ± 0.006*
Glutathione-5'-transferase (nmol/min) 30.1 ±4.2 7.42 ± 1.70*
Values are mean ± SD (n = 3): * p < 0.05.
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Figure 1. Effects of tiypsin tissue dissociation on DNA sürand breakage (% DNA in comet tail - 
data presented as histograms) and viability (filled circles) of isolated cells. Values are means 
± SD (N= 3); * p <0.05 comparing trypsin treatment with control.
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A B S T R A C T
The toxic action o f  the organophosphate pesticide fenitrothion via metabolism to 
fenitrooxon was investigated in isolated mixed-population cells from  the hepato- 
pancreas o f  the non-target organism  Procambarus clarkii. Glutathione-S-trans- 
ferase (G ST; substrate: l-chloro-2,4-dinitrobenzene), 7-ethoxyresoruJin O- Q te jy lck o lin c
deethylase (E R O D ) andacetylcholin^terase (AChE) specific activities (per mg  — . ^
protein) in 10000g  supernatants were 50-60%  lower (G ST, AChE), or mark- ^
edly higher (E R O D ) in cells compared to whole tissues. However, EROD Cell 
activity was similar to values recorded fo r  whole tissue microsomes. Incubation 
( 12 h) o f  isolated cells with up to 5 \iM  fenitrothion resulted in a marked inhibi­
tion (8 4 % ) o f  AChE activ ity ,bu t an increase ( 50% ) in G ST  activity ( p <  0.05 ) .
Fenitrothion (5 \iM ) was readily metabolised to fenitrooxon and 3-methyl-4- 
nitrophenol. The disappearance o f  fenitrothion but not the formation o f  the 
metabolites was inhibited by lOOyiM^-Jiaphthoflavone, indicating the possible OC '
involvement o f  multiple cytochrome 2^50 form s in the metabolism o f  feni­
trothion. ©  1998 Elsevier Science Ltd. A ll rights reserved
Keywords: Author please supply. sh e e t
Fenitrothion is a commonly used organophosphate pesticide in agricultural areas. Its
toxicity is mediated by oxidative biotransformation to the toxic metabolite, fenitrooxon,
which inhibits acetylcholin^terase (AChE) by mimicking the neurotransmitter acetyl- ( ^  ace^ylcKoliVic
choline; this inhibition may lead to paralysis and death o f non-target organisms such as
crustaceans (Escartin and Porte, 1996). The red swamp crayfish, Procambarus clarkii was "
introduced to Spain several decades ago and now displaces the local species Astacus fiu-
vialis in the rice fields o f  the Ebro delta. Fenitrothion studies were carried out on the
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major biotransformation organ (hepatopancreas) o f  F. clarkii (Jewel! and Winston, 1989;
Winston et a/., 1993) using primary cell cultures which offer the advantages over sub- 
cellular fractions o f  containing a full enzyme complement and over whole animals o f  
having no systemic effects.
P. clarkii were collected from the Ebro D elta near Tarragona and the Olympic Channel 
in Barcelona, N . Spain. The animals were kept in oxygenated static freshwater systems 
and fed daily. Primary cell cultures were obtained using a modified protocol for Mytilus 
edulis digestive gland (Birmelin et a i ,  1996, 1997) at room temperature (20°C). The dis­
sected hepatopancreas were washed in calcium-magnesium-free saline (CMFS, i.e. 10 mM  
Hepes, 250 mM NaCl, 6.25 mM  KCl, 2.5 mM  EDTA; 500 mOsm, pH 7.4), and dissociated 
with gentle stirring for 2 h  in 0.1% protease/CM FS (20 ml per hepatopancreas). Cells were 
filtered (100 /im ), centrifuged for 3 min at 50 g, 90 g and 140 g (to bring down different size 
cell types intact) and the pellets resuspended and combined in physiological saline (10 mM  
Hepes, 198mM NaCl, 5 .4 mM KCl, 13.5m M  CaCl2 , 2 .6 mM  MgCb; 500m 0sm , p H 7.4).
Cell viability was determined by EOSIN Y  dye exclusion (Birmelin et a i ,  1997). For 
enzyme activity studies, cells and whole tissues were respectively sonicated (3 x 5 s) and 
homogenised in 100 mM Tris-HCl pH 8, and centrifuged for 5 min at 10000^. Acetyl­
choline esterase (AChE; EC 3.1.1.7; substrate: acetylthiocholine), glutathione-^-transfer- 
ase (GST) and 7-ethoxyresorufin O-deethylase (EROD) activities were measured in 
10 000 g supernatants by spectrophotometric or spectrofluorometric (EROD) methods as 
described in Escartin and Porte (1996). For enzyme effect and metabolism studies, cell 
suspensions were incubated with fenitrothion, or fenitrothion plus inhibitors o f cyto­
chrome P450 (a-naphthoflavone) or flavin-containing monooxygenase (FM O) (methimaz- 
ole), at 20°C in a shaking water-bath for 12 h. Fenitrothion and metabolites were 
extracted and analysed by GC as described in Escartin and Porte (1996). Protein was 
measured by the method o f  Lowry et al. (1951).
The dissociation protocol produced a mixed-population o f  hepatopancreas cells (E, R,
F and B cells) at a viability o f  80-90%  with an approximate cell yield o f  2 to 5x10^ cells 
per g wet wt. Viability in physiological saline remained at over 80% after 12h. Enzyme 
specific activities (S.A.) (per mg p r ^ in )  in 10 000 g supernatants of cells were 0.68 ±  .
0 .0 3 /xmol min"^ (GST), 7.0 ±  O.^^^^ol m in"’ (AChE) and 1.07 ±  0 .05pmol m in"’ (X ^
(EROD) ( ±  SD, n =  3). The cell ACnE and GST S.A. were 50 to 60% lower than in 
10000g supernatants o f  whole tissues (GST: 1.41 ±  0 .40 /imol m in"’; AChE:
16.89±0.75 nmol m in"’) possibly due to changes in cell composition with tissue dis­
sociation. Cell EROD activity was much higher than in tissue 10 000 g supernatant (0.04 
±  0 .02pmol m in"’) but similar to values recorded for whole hepatopancreas microsomes 
o f P. clarkii (0.70 ±  0 .60pmol m in"’; Escartin and Porte, 1996).
In cells exposed to 0.5, 1 or 5/^M fenitrothion over 12 h, AChE (Fig. 1(A)) and EROD  
(data not shown) activities were markedly inhibited (respectively, up to 84 and 78%), 
whereas GST activity was slightly elevated (Fig. 1(B); 50% increase). Similar in vivo 
responses have been seen in whole animal exposures o f P. clarkii for microsomal neuro­
muscular AChE activity (54% inhibition; 20 //g litre" ’ fenitrothion for 48 hr) (Escartin 
and Porte, 1996) and hepatopancreas GST activity (100% increase; 2 .45 /xglitre"’ feni­
trothion for 6h) (Blat et al., 1988). The inhibition o f  EROD activity in isolated cells is in 
contrast to increased activity seen in hepatopancreas microsomes following whole animal 
exposures (Escartin and Porte, 1996). Isolated hepatopancreas cells metabolized feni­
trothion to fenitrooxon and 3-methyl-4-nitrophenol (Table 1). In cells incubated with
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Fig. 1. Effects on acetylcholine esterase (A) and glutathione-5-transferase (B) activities o f 10 000 g 
supernatants o f isolated P. clarkii hepatopancreas cells (mixed cell population containing E, R, F 
and B cells) following exposure to 0.5, 1 and 5/xM  fenitrothion for 12h. Samples were means ±  SD
(n =  3-5). < 0.05 compared to control.
TABLE 1
Metabolism o f  Fenitrothion by Isolated P. clarkii Hepatopancreas Cells (mixed-cell population 
containing E, R, F and B cells) in Absence and Presence o f the Cytochrome P450 lA-inhibitor
a-naphthoflavone
Fenitrothion
(nm ol)
Fenitrooxon 
( nm ol )
3-methyl-4-nitrophenol 
( nmol )
Killed cells" 5 .6 ± 0 .7 8 _ 0 0
Live cells* 2.21 ±0.1(6* ) 0 .9 8 ± 0 .1 6 1.26 ±0 .07
Live cells + a-naphthoflavone" 4 . 0 2 ± 0 . l S w 1.34±0.1 1.27 ±0.09
Samples contained 9x10^ cells per incubation at 93% viability.
"Cells killed by addition o f ethylacetate at time zero and left containing 5 /xM fenitrothion for 12h. 
^Cells incubated with 5/xM fenitrothion for 12 h.
"Cells incubated with 5/xM fenitrothion and 100p,M a-naphthoflavone for 12h.
Values are means ±  SD (n = 3).
** p <  0.05; * p < 0.1 compared to killed cells.
fenitrothion and the CYPl A-inhibitor a-naphthoflavone, the disappearance of feni­
trothion was reduced 53%. However, the formation of 3-methyl-4-nitrophenol was not 
affected and the P450-dependent metabolite, fenitrooxon, even appeared to be slightly 
stimulated (Table 1). Although a-naphthoflavone inhibits specifically CYPl A, it is known
2^1
H-ci
4 C. Birmelin et al.
to Stimulate the activities o f  other P450s (James, 1989). Our findings may therefore indi­
cate the involvement o f  several cytochrome P450 forms in the metabolism o f  fenitrothion. 
100/xM methimazole had no effect on fenitrothion disappearance, indicating no involve­
ment o f FMO.
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ABSTRACT
Isolated mussel {Mytilus edulis L.) digestive gland cells were analysed using the single cell 
gel electrophoresis or 'comet' assay {Singh et al, 1988) to assess the ability of potential 
aquatic contaminants to induce DNA strand breaks (DSB) and to investigate the potential 
application of this technique as part of an aquatic biomonitoring regime. Freshly prepared cell 
suspensions from digestive gland were exposed in vitro to hydrogen peroxide (H2O2 ; 0- 
200pM), 3-chloro-4-(dichloromethyl)-5-hydroxy-2[5H]-furanone (MX; 0-200pM), 
benzo(a)pyrene (BaP; 0-2(X)pM), 1-nitropyrene (1-NP; 0-250pM) and nitrofurantoin (NF; 0- 
lOOOpM) for 1 hour in the dark at 15°C in the presence of the DNA a-polymerase inhibitor, 
cytosine-B-D-arabinofuranoside (araC). DNA strand breakage was measured using the comet 
assay. There were significant concentration-dependent increases in the percentage of DNA in 
the comet tail (% (mean values ± SD)) for all doses compared to controls (P<0.05) with H2O2  
(up to 61.4 ± 5.1% at lOOpM), MX (up to 34.3 ± 2.2 % at 200pM), BaP (up to 24.7 ±5.1 at 
lOOpM), 1-NP (up to 54.7 ± 5.0 % at 200pM) and NF (up to 68.1 ± 4.5 % at 500pM). There 
was a decrease (P<0.05) in viability (eosin Y exclusion) of exposed compared to control cells 
at 200pM H2O2 and BaP only. This study has demonstrated the potential of the comet assay 
to detect DNA strand breakage at sub-cytotoxic concentrations of a range of agents, some of 
which require metabolic activation. This may provide a sensitive, but non-specific, molecular 
biomarker of genotoxicity.
INTRODUCTION
Due to the increasing input of chemical contaminants into the aquatic environment, it has 
become necessary to develop sensitive and reliable methods to assess the impact of such 
toxicants on aquatic organisms at an early exposure stage (McCarthy and Shugart, 1990; 
Huggett et a l,  1992). Recent work in aquatic biomonitoring has concentrated on biomarkers 
of exposure, such as induction of cytochrome P4501A (CYPlA) and metallothionein as 
specific indicators of respectively organic and metal contaminants (Livingstone, 1993). 
Considerable success has been achieved correlating these measurements with pollution levels 
in vertebrates, particularly in fish (Bucheli and Pent, 1995; Goksoyr, 1995). In terms of 
biomonitoring, sessile organisms (such as the invertebrate mussel Mytilus edulis L.) are ideal 
candidates for this purpose and some progress has been achieved with these biochemical 
measurements (Livingstone, 1996; Sole et a l, 1996). In all aquatic organisms, biomarker 
responses may be complicated by various environmental variables, such as sex, seasonality 
and temperature (Livingstone, 1993; Goksoyr, 1995).
The consequences of exposure and metabolism of chemicals may be assessed by investigating 
biomarkers of contaminant damage, for example DNA adducts and DNA strand breaks (SB). 
The ^^P-postlabelling assay has been employed to detect DNA adducts in field and laboratory 
studies in Mytilus sp.. However, whereas increase in DNA adduct levels have been 
demonstrated with laboratory exposure to organic xenobiotics (Marsh et a l, 1993; Venier and 
Canova, 1996), field studies have shown conflicting results with both increases and no 
differences being seen between clean and polluted sites (Kurelec et a l, 1990; Dunn, 1991; 
Sole et a l,  1996). Complicating factors of this measurement include the observation of
natural or endogenous adducts in Mytilus sp. (Kurelec et a l,  1990; Dunn, 1991; Garg et a l, 
1992). SB is a potential biomarker because these are common modifications which may be 
produced by a wide range of agents and mechanisms (Nacci et a l, 1992), including 
compounds which do not induce CYPl A or other cytochrome P450s, or produce bulky DNA 
adducts. Breaks may be directly produced by chemicals such as hydrogen peroxide (H2O2) 
and other reactive oxygen species (ROS). The latter may result from endogenous metabolism 
or in excess from redox cycling or other free radical interactions associated with organic 
xenobiotics, metabolites and transition metals. Alternatively, SB may result from alkali-labile 
sites or during excision repair of DNA adducts (Fairbaim et a l, 1995; Nunn et a l,  1996). 
Commonly used techniques to detect SB in aquatic organisms have been alkaline elution 
(Bihari et a l, 1990/91), alkaline unwinding (Shugart et a l, 1988a/b,1990; Accomando et a l, 
1991; Nacci et a l, 1992; Everaarts, 1995; Liepelt et a l, 1995) and agarose gel electrophoresis 
(Theodorakis et a l, 1994), although recently a new technique, the 'comet assay', is being 
investigated (Pandrangi et a l,  1995; Steinert, 1995; Verschaeve and Gilles, 1995; Belpaeme 
et a l, 1996; Nacci et a l, 1996). This latter technique exhibits many advantages over the 
previous assays (for reviews see McKelvey-Martin et a l, 1993 and Fairbaim et a l,  1995). It 
is sensitive, requires small samples of any eukaryotic cell population and allows the 
quantitation of single cells so that heterogeneity and sub-cellular population responses can be 
examined. Although there are potential limitations in the use of this technique for the 
screening of chemicals for genotoxicity (Fairbaim et a l, 1995), it may be exploited as an 
initial indicator of general DNA damage in organisms for which further studies would then be 
necessary to elucidate the precise mechanisms of genotoxicity and the specific nature of the 
DNA lesions.
The present study involves the use of a cell suspension from digestive gland of Af. edulis 
(Birmelin et a i, 1996a) exposed to a number of model and pollutant xenobiotics, either 
direct-acting (hydrogen peroxide (H2O2) and 3-chloro-4-(dichloromethyl)-5-hydroxy-2[5H]- 
furanone (MX)) or indirect-acting (i.e. requiring metabolic activation to exert genotoxicity) 
(benzo(a)pyrene (BaP), 1-nitropyrene (1-NP) and nitrofurantoin (NF)) to address the use of 
this technique as part of a regime in environmental biomonitoring. The digestive gland was 
chosen for study because it is the major tissue localisation of organic xenobiotic metabolism 
and biotransformation enzymes in Af. edulis (Livingstone, 1991). Also, subcellular fractions 
of digestive gland of Mytilus sp. have been shown or indicated to activate BaP and 1-NP to 
mutagenic species (Marsh et a l,  1992; Michel et a l,  1992; Venier and Canova, 1996) and to 
produce H2O2 and other ROS both directly (Winston gr a l, 1990) and via redox cycling of 1- 
NP (Hetherington et a l, 1996), NF (Garcia Martinez et a l, 1995) and metabolites of BaP 
(Garcia Martinez and Livingstone, 1995).
METHODS 
Chemical reagents
MX was obtained from Ultrafine chemicals (Salford, U.K.), fully frosted microscope slides 
and coverslips were supplied by Appleton Woods (Birmingham, U.K.). Biochemicals were 
supplied from Sigma Chemical Co. (Poole, U.K.) and general chemicals were AnalaR grade 
and from Merck, U.K. or Fischer Scientific, U.K. Cell culture chemicals were from 
GibcoBRL Technologies, U.K. and Sigma Chemical Co. (Poole, U.K.).
Preparation of single cell suspension
M. edulis 3-5cm in length were collected from a relatively unpolluted site, Whitsand Bay in 
Cornwall, U.K., and placed in filtered seawater at 15°C for 1 day to clear gut contents prior to 
the experiments. Digestive glands were excised from a pool of 12 individual animals and 
cells isolated by non-enzymatic tissue dissociation procedures and differential centrifugation 
to obtain a mixture of smaller cell-types and large digestive cells (~ 2 x 10  ^ cells/ml) at a 
viability of over 90% (Eosin Y exclusion). The technique used was as described in Birmelin 
et al (1996b) except that the use of trypsin for cell dissaggregation was omitted.
Cell Treatment
Freshly prepared cells were exposed in vitro to various concentrations of the model and 
pollutant contaminants for 1 hour in the dark at 15°C in the presence of the DNA polymerase
inhibitor cytosine-p-D-arabinofiiranoside (^aC , final concentration ImM). Test compounds 
were added to the cell suspensions (1ml final volume) in lOpl of vehicle solvent, which for 
BaP, 1-NP and NF was dimethylsulphoxide (DMSO), whilst for H2O2 and MX the vehicle 
was physiological saline. Following incubation, lOpl of cell suspension was used in the 
comet protocol outlined below, with the rest used for the determination of cytotoxicity using 
eosin Y exclusion (Birmellin e ta l ,  1996b).
Alkaline single cell gel electrophoresis (comet) assay
The procedure used follows the method described by Singh et al (1988) with minor 
modifications. Fully frosted microscope slides were coated with 200pl of 0.5% normal 
melting point agarose (NMA) in calcium and magnesium free phosphate buffered saline 
(PBS) and covered with a coverslip. Slides were stored at 4°C in a dark, humid box until use 
(within 24 hours). After incubation, lOpl of cell suspension was added to 80pl of 0.5% low 
melting point agarose (LMPA; at 35°C) in physiological saline and layered over the NMA 
layer. After agarose polymerisation (5 min on metal tray over ice), a final layer of 80pl of 
LMPA in PBS was added. Following agarose solidification, the coverslips were removed and 
slides lowered into freshly made lysing solution (10% DMSO, 1% Triton X-100, 2.5M NaCl, 
lOOmM EDTA, lOmM Tris, 1% sodium sarcosinate; pH 10) for at least 1 hour at 4°C. Slides 
were rinsed in distilled water and placed on a horizontal gel electrophoresis tray (Pharmacia, 
GNA 200) and covered with freshly made electrophoresis buffer (0.075M NaOH, ImM 
EDTA) for 20 minutes to allow the DNA to unwind. Electrophoresis was carried out at 25V, 
300mA for 10 minutes. Slides were removed and placed on a staining tray and covered with
neutralizing solution (0.4M Tris, pH 7.5) for 5 minutes and repeated 3 times. Slides were 
drained and 50pl of filtered (0.2pM) ethidium bromide (20pg/ml) added with a coverslip 
overlaid. Slides were placed in a humid dark box at 4°C until analysis (within 48 hours).
The presence of comets was examined in cells from the digestive gland cell suspension using 
a fluorescent microscope (x200 magnification, Zeiss axovert inverted fluorescent 
microscope). This population may include more than 1 cell type (see discussion). Cells were 
analysed and scored using an image analysis package (Kinetic Imaging Limited, Liverpool, 
U.K.). All slides were coded and the whole slide randomly scanned, with 50 cells per 
incubation quantified. All three experiments were pooled (n=150 cells) and cells were 
categorised for grade of damage (using tail % DNA) based on the criteria reported by 
Anderson et al. (1994) with minor modifications (grade of damage: zero or minimal <10% 
tail, low damage 10-25%, mid damage 25-50%, high 50-75% and extreme damage >75%). 
Results are also expressed as means ± standard deviation (SD)(n=3 experiments) in terms of 
the percentage of DNA migrated into the tail region (tail % DNA).
Statisitical analysis
For statistical analysis an alpha level of 0.05 was used to determine significance. The effect of 
dose was determined by the multiple pairwise comparisons of means using one and two-tailed 
unpaired Student’s f-test (Delany et al., 1993; Kruszewski et al., 1994; Pandrangi et al., 
1995).
RESULTS AND DISCUSSION
Following electrophoresis the presence of SB allows fragments of DNA to move from the 
core towards the anode, resulting in the classical 'comet' formation (Singh et a l, 1988)(Fig. 
la). With increasing amount of damage more DNA migrates into the tail region and is 
quantified in terms of increased fluorescence in the tail region and tail length.
The percentage of DNA in the tail region (tail % DNA) was used as the criterion for 
quantifying DNA strand breakage (Anderson et a l, 1994) in this study. Tail length and 
especially tail moment (a product of tail DNA and length) are sometimes also reported. 
However, these measurements are more prone to differences in the gel which may restrict 
DNA migration thus affecting tail length and tail moment (Collins, 1992; Fairbaim et a l,
1995). AraC was included as standard in all assays as it has been demonstrated using the 
alkaline elution assay that BaP derived SSB were increased when CHO-Kl cells were 
incubated with araC (Park et a l, 1991) presumably through its ability to inhibit re-ligation of 
breaks. Accomando et al (1985/89) demonstrated the presence of a -  and P- like DNA 
polymerase in mussel digestive gland which was aphidicolin insensitive suggesting the large 
involvement of DNA polymerase P-like activity and hence the use of araC in these studies. 
However, there are no data available to confirm that this compound will have any effect on 
the repair capacity of M. edulis digestive gland cells.
The majority of control cells consisted of a nucleoid core with zero or minimal DNA 
migrating towards the anode. A proportion of the control cells (average 20%) exhibited a 
small but measurable comet indicative of some SB produced endogenously or during cell 
isolation and processing (Fig. lb). Control cells of M. edulis digestive gland demonstrated 
higher levels of SB compared to many vertebrate cell types (Anderson et a l,  1994), including
brown trout (Salmo trutta) hepatocytes and blood cells (Mitchelmore et al, 1996). Other 
studies have demonstrated increased levels of alkali-labile sites in certain cell types with 
highly condensed chromatin (Singh et a l,  1989) and suggest that this high control response 
with the comet assay is a feature of DNA packaging rather than endogenous single strand 
breaks (SSB), i.e. is not a result of the comet protocol per se. Indeed, other studies 
demonstrating strand breakage produced in various invertebrate cells (Nacci et a l,  1992; 
Everaarts, 1995; Steinert, 1996) using various methods of detection (i.e. alkaline unwinding 
and comet assay) have also demonstrated this phenomenon of relatively high control levels 
and not attributed it to the protocol involved. It is possible that the mixed response of zero or 
substantial SB relates to subpopulations of cells (Birmelin et a l, 1996a). Further 
characterisation of the cell population is necessary.
Hydrogen peroxide has been commonly used as a positive control compound in many comet 
assay studies investigating its application to various cell types (Singh et a l, 1988; Kruszewski 
et a l,  1994). This compound is thought to cause base modifications directly, particularly 
following the Fenton reaction to form the highly reactive hydroxyl radical ( *OH) (Halliwell 
and Aruoma, 1991). The addition of H2O2 produced a significant concentration-dependent 
increase in the percentage of DNA in the tail from controls at all doses ( 10-200pM), with a 
linear response up to 20pM H2O2 (Figs. 2a/b). There was no loss of cell viability apart from 
at the top (200pM) concentration level.
A further direct acting agent, which is environmentally relevant, was that of MX. This is a 
genotoxic by-product of water chlorination which does not require metabolic activation to 
convert it to a genotoxic form (Meier et a l, 1986). Studies with mammalian cells in vitro 
have demonstrated concentration-related increases in DNA strand breaks with exposure to 
MX (Chang et a l, 1991; Nunn and Chipman, 1994; Hodges et a l, 1996). The addition of MX
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in this study resulted in a concentration-dependent (though not linear) increase in the tail % 
DNA significantly different from the controls at 0.1 to 200pM (Figs. 3a/b). There was no loss 
of cell viability at any of the concentrations of MX studied.
BaP has been studied extensively in aquatic organisms as a model carcinogenic contaminant 
(Stegeman, 1981). In vertebrate systems it requires metabolic activation to various 
metabolites, including in particular the 7,8-diol-9,10-epoxide, to exert its genotoxicity 
(Stegeman, 1981). Similar processes have been indicated in digestive gland tissues of bivalve 
molluscs (Livingstone, 1991) and the activation of BaP to mutagens has been demonstrated in 
digestive gland of Mytilus sp. (Nunn et al., 1996)(see Introduction). Additionally, a second 
possible genotoxic route has been demonstrated in digestive gland of Mytilus sp. via 
metabolism of BaP to quinones (Michel et a l, 1992, 1995; Lemaire et al., 1993). and their 
redox cycling to yield ROS (Garcia Martinez and Livingstone, 1995). A near-linear dose 
response from 10 to lOOpM was observed with BaP (Figs. 4a/b) which was significantly 
different from the controls. This is in accord with a positive response of Mytilus sp. to BaP in 
the alkaline elution assay (Bihari et a l, 1990). There was a decreased response at 200pM 
BaP, together with a loss of cell viability. The concentration range of optimal BaP 
genotoxicity is consistent with the saturation kinetics for the metabolism of BaP to polar 
metabolites by digestive gland microsomes of Mytilus sp. (i.e. optimal activity seen at 60- 
lOOpM BaP)(Moore et a l, 1989; Michel et a l,  1994).
Another class of common contaminants are the nitroaromatic compounds, including 1-NP 
derived from aromatic hydrocarbons by combustion and other processes (Fu, 1990). 
Nitroaromatic compounds can exert their genotoxicity both via the formation of 
macromolecular adducts and by redox cycling to generate ROS (Fu, 1990; Mason, 1990). 1- 
NP has been demonstrated to form DNA adducts in various vertebrate species in vivo (Roy et
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al, 1989; Smith et al, 1990) and with isolated calf thymus DNA following metabolic 
activation with brown trout {Salmo trutta) hepatic microsomes (Mitchelmore et a l,  1996) 
Both activation to mutagens (Marsh et a l,  1992) and production of ROS by 1-NP have been 
demonstrated for subcellular fractions of Af. edulis digestive gland. NF is a further model 
redox cycling nitroaromatic compound (Mason, 1990) which has been indicated to undergo 
redox cycling in various subcellular compartments of Af. edulis digestive gland, NF- 
stimulated ROS production being seen for mitochondrial, microsomal and cytosolic fractions 
(Garcia Martinez et a l,  1995; Hetherington et a l, 1996). Marked concentration-dependent 
increases in tail % DNA were observed with exposure to all concentrations of both INP and 
NF compared to controls. Significant increases in tail % DNA were seen with increasing 
concentration of 1-NP, reaching a maximum at 100-250pM 1-NP (Figs. 5a/b). This compares 
to a concentration of ImM used for the redox cycling study (Hetherington et a l,  1996). 
Significant increases in tail % DNA were also seen with increasing concentration of NF with 
DNA damage reaching a maximum and which plateaues at lOOpM NF (Figs. 6a/b). This 
compares to maximal NF-stimulated rates of ROS production by digestive gland microsomes 
of Af. edulis being observed at about lOupM (NADPH-dependent reaction) or ImM (NADH- 
dependent) NF (Garcia Martinez et a l,  1995).
The comet assay appears to be a sensitive detector of DNA damage in mussel digestive gland 
cells exposed to a range of genotoxicants. The assay is non-specific i.e. it is not informative 
of the basis of DNA damage and does not give information on chemical specificity, however, 
as an initial biomarker, this can be advantageous. Clearly, the extent to which BaP, 1-NP or 
NF may exert their genotoxicity via redox cycling and ROS production will depend upon the 
effectiveness of antioxidant defences. There is evidence that antioxidant defences are 
relatively high in Mytilus edulis (Livingstone et a l, 1994), for example, there was no increase
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in 8-hydroxydeoxyguanosine (80HdG) oxidation following water-column exposure to 
lOOppb NF for 4 days (Marsh et al., 1993).
In conclusion the comet technique clearly recognises SB produced by different model and 
pollutant aquatic contaminants in isolated M.edulis digestive gland cells treated in vitro, and 
may recognise different types of DNA damage i.e. produced via adduct formation or ROS 
production. The detection of SB using this technique may potentially be useful as an initial 
sensitive, but non-specific in vivo molecular biomarker of DNA damage in mytilid species 
and other aquatic invertebrates and vertebrates (Pandrangi et al., 1995). It is currently also 
being used in the study of mechanisms of pollution-mediated genotoxicity in vitro by addition 
of toxicants and modulators (inhibitors or activators) to cell suspensions (Mitchelmore et a l,
1996).
13
ACKNOWLEDGEMENTS
This work was carried out under the tenure of a BBSRC Ph.D. Studentsip to C.L. 
Mitchelmore and a Wellcome Ecotoxicology Ph.D. Studentship to C.Birmelin.
14
REFERENCES
Accomando, R., Viarengo, A., Zonchedu, A. and Orunesu, M. (1989). Biochemical
characterization of the DNA polymerase activity present in isolated nuclei from 
mussel tissues: A possible system for the evaluation of the rate of DNA repair. Comp. 
Biochem. Physiol., 93B, 4, 747-751.
Accomando, R., Viarengo, A. and 2^nchedu, A. (1985). Studio sulle attivita DNA
polimerasiche nella ghiandola digestiva di Mitilus galloprovincialis Lam. Boll. Soc.
It. Biol. Sperim., 61, 20.
Accomando, R., Viarengo, A., Bordone, R., Taningher, M., Canesi, L. and Orunesu, M.
( 1991). A rapid method for detecting DNA strand breaks in Mytilus galloprovincialis 
Lam. induced by genotoxic xenobiotic chemicals, /wr. J . Biochem., 23, 2, 227-229.
Anderson, D., Yu, T.-W., Phillips, B.J. and Schmezer, P. (1994). The effects of various
antioxidants and other modifying agents on oxygen-radical-generated DNA damage in 
human lymphocytes in the COMET assay. Mut. Res., 307, 261-271.
Bihari, N., Batel, R. and Zahn, R.K. (1990). DNA damage determination by the alkaline
elution technique in the haemolymph of mussel Mytilus galloprovincialis treated with 
benzo[a]pyrene and 4-nitroquinoline-ALoxide. Aquatic Tox., 18, 13-22.
Birmelin, €., Goldfarb, P.S. and Livingstone, D.R. (1996a). The development and use in
aquatic toxicology of a primary cell culture of digestive gland of the mussel {Mytilus 
edulis L.). European Society fo r  Comparative Physiology and Biochemistry 17th 
Annual Conference, Meetings abstract.
Birmelin, C., Livingstone, D.R., Porte, C. and Goldfarb, P. (1996b). Development of marine 
invertebrate cell cultures for use in toxicology. Human Exptl. Toxicol., 15, p. 173
15
Bucheli, T.D. and Fent, K. (1995). Induction of cytochrome P450 as a biomarker for
environmental contamination in aquatic ecosystems. Crit. Rev. Environ. Sci. TechnoL, 
25, 201-268.
Chang, L.W., Daniel, F.B.and DeAngelo, A.B. (1991). DNA strand breaks induced in
cultured human and rodent cells by chlorohydroxyfuranones-mutagens isolated from 
drinking water. Terat. Care. Mut., 11, 103-114.
Delaney, C.A., Green, M.H.L., Lowe, J.E. and Green, l.C. (1993). Endogenous nitric oxide 
induced by interleukin-ip in rat islets of Langerhans and H1T-T15 cells causes 
significant DNA damage as measured by the ‘comet’ assay. FEES, 333, 3,291-295
Dunn, B.P. (1991). Carcinogen adducts as an indicator for the public health risks of
consuming carcinogen-exposed fish and shellfish. Env. Health Perspec., 90, 111-116.
Everaarts, J.M. (1995). DNA Integrity as a Biomarker of Marine Pollution: Strand Breaks in 
Seastar (Asterias rubens) and Dab (Limanda limanda). Mar. Pollut. Bull., 31,4-12, 
431-438.
Fairbaim, D.W., Olive, P.L. and O’Neill, K.L. (1995). The comet assay: a comprehensive 
review. Mutation Res., 339, 37-59.
Fu, P.P. (1990). Metabolism of nitro-polycyclic aromatic hydrocarbons. Drug Metab. Revs., 
22, 209-268.
Garcia Martinez, P. and Livingstone D.R. (1994). Benzo[a]pyrene-dione stimulated
oxyradical production by microsomes of digestive gland of the common mussel, 
Mytilus edulis L. Mar. Env. Res., 39, 185-189.
Garcia Martinez, P., Winston, G.W., Metosh-Dickey, C., O’Hara, S.C.M. and Livingstone,
D.R. (1995). Nitrofurantoin-stimulated reactive oxygen species production and
16
genotoxicity in digestive gland microsomes and cytosol of the common mussel 
{Mytilus edulis L.). Toxicol. Appl. Pharmacol., 131, 332-341.
Garg, A., Krca, S., Kurelec, B. and Gupta, R.C. (1992). Endogenous DNA modifications in 
aquatic organisms and their probable biological significance. Comp. Biochem.
Physiol, 102B, 825-32.
Goksoyr, A. (1995). Use of cytochrome P450 lA (CYPl A) in fish as a biomarker of aquatic 
pollution. Arch. Toxicol. Supplement 17, 80-95.
Halliwell, B. and Aruma, O.I. (1991). DNA damage by oxygen-derived species. Its 
mechanism and measurement in mammalian systems. FEBS lett., 281,9-19
Hetherington, L.H., Livingstone, D.R. and Walker, C.H. (1996). Two- and one-electron
dependent in vitro reductive metabolism of nitroaromatics by Mytilus edulis, Carcinus 
maenas 2tn.& Asterias rubens. Comp. Biochem. Physiol, 113C, 231-239.
Huggett, R.L., Kimerle, R.A., Mehrle, P.M. Jr. and Bergman H.L. (Eds.)(1992). Biomarkers. 
Biochemical, pysiological, and histological markers of anthropogenic stress. Lewis 
Publishers, Boca Raton, Florida.
Kruszewski, M., Green, M.H.L., Lowe, J.E. and Szumiel I. (1994). DNA strand breakage, 
cytotoxicity and mutagenicity of hydrogen peroxide treatment at 4°C and 37°C in 
L5178Y sublines. Mut. Res., 308, 233-241.
Kurelec, B., Garg, A., Krca, S. and Gupta R.A. (1990). DNA adducts in marine mussel 
Mytilus galloprovincialis living in polluted and unpolluted environments. In: 
Biomarkers o f environmental contamination (Eds. J.F McCarthy and L.R. Shugart), 
pp. 217-227, Lewis Publishers, Chelsea.
Lemaire, P., Den Besten, P.J., O’Hara, S.C.M. and Livingstone, D.R. (1993). Comparative 
metabolism of benzo[a]pyrene by microsomes of hepatopancreas of the shore crab
17
Carcinus maenas L. and digestive gland of the common mussel Mytilus edulis L.
Poly. Aram. Comp., 3 (Supplement), 1134-1138.
Livingstone, D.R.(1991). Organic xenobiotic metabolism in marine invertebrates. In;
Advances in Comparative and Environmental Physiology (Ed. R. Gilles), Vol. 7., pp. 
45-185, Springer-Verlag, Berlin.
Livingstone, D.R. (1993). Biotechnology and pollution monitoring: use of molecular
biomarkers in the aquatic environment. J. Chem. Tech. BiotechnoL, 57, 195-211.
Livingstone, D.R. (1996). Cytochrome P450 in pollution monitoring. Use of cytochrome
P4501A (CYPIA) as a biomarker of organic pollution in aquatic and other organisms. 
In; Environmental Xenobiotics (Ed. M. Richardson), pp. 143-160, Taylor & Francis 
Ltd., London.
Livingstone, D.R., Forlin, L. and George, S. (1994). Molecular biomarkers and toxic
consequences of impact by organic pollution in aquatic organisms. In: Water Quality 
and Stress Indicators in Marine and Freshwater Systems; Linking levels o f 
Organisation (Ed. D.W. Sutcliff), pp. 154-171, Freshwater Biological Association, 
Ambleside, UK.
Marsh, J.W., Chipman, J.K. and Livingstone, D.R. (1992). Activation of xenobiotics to
reactive and mutagenic products by the marine invertebrates Mytilus edulis, Carcinus 
maenus 2niô. Asterias rubens. Aquat. Toxicol., 22, 115-127.
Marsh, J.W., Chipman, J.K. and Livingstone, D.R. (1993). Formation of DNA-adducts
following laboratory exposure of the mussel, Mytilus edulis, to xenobiotics. Sci. Total. 
Environ. Suppl. P art 1, 567-572.
Mason, R.P. (1990). Redox cycling of radical anion metabolites of toxic chemicals and drugs 
and the Marcus theory of electron transfer. Environ. Health Perspect., 87, 237-243.
18
McCarthy, J.F. and Shugart, L.R. (Eds.)(1990). Biomarkers of environmental contamination. 
Lewis Publishers, Boca Raton, Florida.
McKelvey-Martin, V.J., Green, M.H.L., Schmezer, P., Pool-Zobel, B.L., De Meo, M.P. and 
Collins, A. (1993). The single cell gel electrophoresis assay (comet assay): A 
European review. Mutation Res., 288,47-63.
Meier, J.R., Ringhand, H.P., Coleman, W.E., Schenck, K.M., Munch, J.W., Streicher, R.P., 
Kaylor, W.H. and Kopfler, F.C. (1986). Mutagenic by-products from chlorination of 
humic acid. Environ. Health Perspec., 69, 101-107.
Michel, X.R., Beasse, C. and Narbonne, J.F. (1995). In vivo metabolism of benzo[a]pyrene in 
the mussel Mytilus galloprovincialis. Arch. Environ. Contam. Toxicol., 28, 215-222.
Michel, X.R., Cassand, P.M., Ribera, D.G. and Narbonne, J.F. (1992). Metabolism and 
mutagenic activation of benzo[a]pyrene by subcellular fractions from the mussel 
{Mytilus galloprovincialis) digestive gland and sea bass (Dicentrarchus labrax) liver. 
Comp. Biochem. Physiol., 103C, 43-55..
Michel, X.R., Salaun, J.P., Galgani, F. and Narbonne, J.F. (1994). Benzo[a]pyrene
hydroxylase activity in the marine mussel Mytilus galloprovincialis: a potential 
marker of contamination by polycyclic aromatic hydrocarbon-type compounds. Mar. 
Env. Res., 38, 257-273.
Mitchelmore, C.L., Birmelin, C., Livingstone, D.R., and Chipman, J.K. (1996). Polycyclic- 
and nitro-aromatic compounds produce DNA strand breakage in Brown Trout (Salmo 
trutta) and mussel {Mytilus edulis L.) cells. Mutagenesis, in press.
Moore, M.N., Livingstone, D.R. and Widdows, J. (1989). Hydrocarbons in marine mollusks: 
biological effects and ecological consequences. In: Metabolism ofpolycylic aromatic
19
hydrocarbons in the aquatic environment (Ed. U. Varanasi), pp. 291-328, CRC Press 
Inc., Boca Raton, Florida.
Nacci, D., Nelson, S., Nelson, W., and Jackim, E. (1992). Application of the DNA Alkaline 
Unwinding Assay to Detect DNA-Strand Breaks in Marine Bivalves. Mar, Env. Res., 
33, 83-100.
Nunn, J.W. and Chipman, J.K. (1994). Induction of DNA strand breaks by 3-chloro-
4(dichloromethyl)-5-hydroxy-2(5H)-furanone and humic substances in relation to 
glutathione and calcium status in human white blood cells. Mut. Res., 341,133-140.
Nunn, J.W., Livingstone, D.R. and Chipman, J.K. (1996). Effect of genetic toxicants in
aquatic organisms. In: Toxicology and aquatic pollution. Physiological, Molecular 
and Cellular Approaches (Ed. E.W.Taylor), Society for Experimental Biology 
Seminar Series, Vol. 57, pp. 225-251, Cambridge University Press, Cambridge.
Pandrangi, R., Petras, M., Ralph, S. and Vrzoc, M. (1995). Alkaline Single Cell Gel (Comet) 
Assay and Genotoxicity Monitoring Using Bullheads and Carp. Env. & Mol. 
Mutagenesis, 26, 345-356.
Park, J.K., Lee, J.S., Lee, H.H., Choi, I.S. and Park, S.D. (1991). Accumulation of polycyclic 
aromatic hydrocarbon-induced single strand breaks is attributed to slower rejoining 
processes by DNA polymerase inhibitor, cytosine arabinoside in CHO-Kl cells. Life 
Sciences, 4S, 1255-1261.
Roy, A.K., El-Bayoumy, K. and Hecht, S.S. (1989). ^^P-postlabeling analysis of 1-
nitropyrene-DNA adducts in female Sprague-Dawley rats. Carcinogenesis, 10, 195- 
198.
Shugart, L. (1988a). An alkaline unwinding assay for the detection of DNA damage in aquatic 
organisms. Mar. Env. Res., 24, 321-325.
20
Shugart, L. (1988b). Quantitation of chemically induced damage to DNA of aquatic 
organisms by alkaline unwinding assay. Aquatic Toxicol., 13, 43-52.
Shugart, L. (1990). Biological monitoring: testing for genotoxicity. In: Biomarkers o f
environmental contamination (Eds. J.F. McCarthy and L.R. Shugart), pp. 217-227, 
Lewis Publishers, Chelsea.
Singh, N.P., McCoy, M.T., Tice, R.R. and Scheider E.L. (1988). A simple technique for
quantitation of low levels of DNA damage in individual cells. Exp. Cell Res., 237, 3- 
4, 123-130.
Singh, N.P., Danner, D.B., Tice, R.R., McCoy, M.T., Collins, G.D. and Scheider, E.L.
(1989). Abundant alkali sensitive sites in DNA of human and mouse sperm. Exp. Cell 
Res., 184, 2,461-470.
Smith, B.A., Korfmacher, W.A. and Beland, F.A. (1990). DNA adduct formation in target
tissues of Sprague-Dawley rats, CD-I mice and A/J mice following tumorigenic doses 
of 1-nitropyrene. Carcinogenesis, 11, 10, 1705-1710.
Sole, M., Porte, C., Biosca, X., Mitchelmore, C.L., Chipman, J.K., Livingstone, D.R. and 
Albaiges, J. (1996). Effects of the “Aegean Sea” oil spill on biotransformation 
enzymes, oxidative stress and DNA-adducts in digestive gland of the mussel {Mytilus 
edulis L.). Comp. Biochem. Physiol., 113C, 257-265.
Stegeman, J.J. (1981). Polynuclear aromatic hydrocarbons and their metabolism in the marine 
environment. In: Polycyclic hydrocarbons and cancer (Eds. H. Gelboin and TS’o 
POP), Vol. 3, pp. 1-60, Academic Press, New York.
Steinert, S.A. (1996). Contribution of Apoptosis to Observed DNA damage in Mussel Cells. 
Mar. Env. Res., 42, 1-4,253-259.
21
Theodorakis, C.W., D’Sumey, S.J. and Shugart, L.R. (1994). Detection of genotoxic insult as 
DNA strand breaks in fish blood cells by agarose gel electrophoresis. Environ.
Toxicol, and Chemistry, 13, 7, 1023-1031.
Venier, P. and Canova, S. (1996). Formation of DNA adducts in the gill tissue o f Mytilus 
galloprovincialis treated with benzo[a]pyrene. Aquat. Toxicol., 34, 119-133.
Verschaeve, L. and Gilles, J. (1995). Single Cell Gel Electrophoresis Assay in the Earthworm 
for the detection of Genotoxic Compounds in Soils. Bull. Environ. Contam. Toxicol., 
54,112-119
Winston, G.W., Livingstone, D.R. and Lips, F. (1990). Oxygen reduction metabolism by the 
digestive gland of the common mussel, Mytilus edulis L. J. Exp. Zool. 255, 3, 296- 
308.
22
Figure la; M.edulis L. digestive gland cells following exposure to lOOpM hydrogen 
peroxide with subsequent analysis by the comet assay. Nuclei consist of a head 
(nucleiod core) with DNA migrating into the tail region (tail length) as a result of SB.
Figure lb; Control M.edulis L. digestive gland cells with subsequent analysis by the 
comet assay. Nuclei consist of a head (nucleiod core) with no or minimal DNA 
migrating into the tail region.
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Figure 2a; The population response of M.edulis L. digestive gland cells to increasing 
concentrations of hydrogen peroxide. Data compiled from 150 cells in total from 3 separate 
experiments
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Figure 2b; The response of M.edulis L. digestive gland cells to increasing concentrations of 
hydrogen peroxide. Results are expressed as means ± SD (n=3 experiments, each with 50 
cells analysed). Significant dofferences from controls (P<0.05) were observed at lOpM and 
above.
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Figure 3a; A representative population response of M.edulis L. digestive gland cells to 
increasing concentrations of MX. Data compiled from 150 cells in total from 3 separate 
experiments.
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Figure 3b; The response of M.edulis L. digestive gland cells to increasing concentrations of
MX. Results are expressed as means ± SD (n=3 experiments, each with 50 cells analysed).
Significant differences from controls (P<0.05) were observed at 0.1 pM and above.
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Figure 4a; The population response of M. edulis L. digestive gland cells to increasing 
concentrations of benzo[a]pyrene. Data compiled from 150 cells in total from 3 separate 
experiments.
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Figure 4b; Response of M. edulis L. digestive gland cells to increasing concentrations of
benzo[a]pyrene. Results are expressed as means ± SD (n=3 experiments, each with 50 cells
analysed. Significant differences from controls (P<0.05) were observed at lOpM and above.
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Figure 5a; The population response of M. edulis L. digestive gland cells to increasing 
concentrations of 1-nitropyrene. Data compiled from 150 cells in total from 3 separate 
experiments.
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Figure 5b; The response of M. edulis L. digestive gland cells to increasing concentrations of
1-nitropyrene. Results are expressed as means ± SD (n=3 experiments, each with 50 cells
analysed). Significant differences from controls (P<0.05) were observed at lOpM and above.
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Figure 6a; The population response of M. edulis L. digestive gland cells to increasing 
concentrations of nitrofiirantoin.Data compiled from 150 cells in total from 3 separate 
experiments.
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Figure 6b; The response of M  edulis L. digestive gland cells to increasing concentrations of
nitrofurantoin. Results are expressed as means ± SD (n=3 experiments, each with 50 cells
analysed). Significant differences from controls (P<0.05) were observed at lOpM and above.
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Abstract
The mechanisms involved in the production of DNA strand breaks (SB) by model 
polycyclic aromatic hydrocarbon and nitroaromatic contaminants were investigated in 
isolated mussel {Mytilus edulis L.) digestive gland cell mixtures using the model compounds 
benzo[a]pyrene (BaP), 1-nitropyrene (1-NP) and nitrofurantoin (NF). Isolated cells were 
exposed in vitro to sub-cytotoxic concentrations (50 pM) of BaP, 1-NP or NF for 1 h in the 
dark at 15°C in the absence or presence of various cytochrome P-450 inhibitors, antioxidant 
enzyme inhibitors, the free radical scavenger iV-iV-t-butyl-a-phenylnitrone (PBN), and other 
modulators. DNA strand breakage was measured using the comet assay (SB results pre­
sented as % tail DNA and was significant for each genotoxicant at least P <  0.05). SB were 
seen for all three compounds and different metabolic pathways of genotoxicity were 
indicated for the three model compounds. BaP-induced strand breakage was indicated to be 
cytochrome P-450-catalysed and to occur via the production of BaP quinones because SB 
were inhibited 94% by 50 pM clotrimazole (inhibitor of digestive gland microsomal 
metabolism of BaP to quinones), stimulated 81% by 25 pM dicoumarol (inhibitor of 
DT-diaphorase, EC 1.6.99.2, which metabolises quinones to hydroquinones) and unaffected 
by 50 pM a-naphthoflavone (inhibitor of digestive gland microsomal metabolism of BaP to 
phenols and diols). Involvement of free radical(s) was indicated in BaP-induced strand 
breakage (75% SB inhibition by 50 mM PBN), consistent with either BaP cation radical 
formation (i.e. 1-electron oxidation) and/or reactive oxygen species (ROS) generation via
•Corresponding author. Tel.: + 44  121 4145422; fax: + 44  121 4143982; e-mail:
j.k.chipman@bham.ac.uk
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BaP quinone formation and redox cycling. 1-NP-induced SB was indicated to occur via free 
radical mechanism(s) (84% SB inhibition by 50 mM PBN) and catalysis by different forms 
of cytochrome P-450 than for BaP (61% SB inhibition by 50 pM a-naphthoflavone but none 
by clotrimazole). In contrast to BaP and 1-NP, NF induced strand breakage was indicated 
not to involve cytochrome P-450(s) (no SB inhibition by clotrimazole or a-naphthoflavone), 
but to involve free radical(s) (88% SB inhibition by 50 mM PBN), consistent with redox 
cycling of NF and resultant DNA damage via superoxide anion radical (O j” ) and other 
reactive oxygen species production. NF was more effective in producing SB compared to 
equimolar concentrations of BaP and 1-NP, possibly reflecting the greater direct redox 
cycling capacity of this compound. © 1997 Elsevier Science B.V.
Keywords: Mytilus edulis'. Mussel digestive gland cells; Benzo(a]pyrene; 1-nitropyrene; Nitro­
furantoin; Reactive oxygen species; Genotoxicity; Comet assay; Single cell gel electrophoresis
1. Introduction
Sessile organisms such as the mussel M ytilus edulis L. are increasingly being used 
as indicator species in biomonitoring investigations to assess the impact o f toxicants 
on aquatic organisms (Livingstone, 1996). A  wide variety o f  organic pollutant 
xenobiotics enter aquatic ecosystems such as polycyclic aromatic hydrocarbons and 
nitroaromatic compounds and are readily taken up into the tissues o f aquatic 
organisms (Walker and Livingstone, 1992). However, there is an incomplete 
understanding o f the metabolism and mechanisms o f  reactive intermediate forma­
tion from these xenobiotics in marine invertebrates compared to knowledge o f such 
processes in mammals. Such information is important in determining appropriate 
biomarkers (Livingstone, 1993). M ytilus sp. can activate BaP and 1-NP to muta­
genic species (Marsh et al., 1992; Michel et al., 1992) and to produce H2O2 and 
other ROS both directly (Winston et al., 1990) and via redox cycling o f 1-NP 
(Hetherington et al., 1996), N F  (Garcia Martinez et al., 1995) and metabolites o f  
BaP (Garcia Martinez and Livingstone, 1995). The majority o f  these studies have 
used mussel digestive gland microsomes and thus the relationship between 
metabolic routes and cellular or macromolecular damage (such as D N A  damage) is 
not clear.
Polycyclic aromatic hydrocarbons, such as benzo[a]pyrene may be metabolised to 
reactive intermediates via two major mechanisms (see Fig. 1). The first involves a
2-electron oxidation catalysed by N A D (P)H  cytochrome P-450 (C Y P lA l in mam­
mals) and epoxide hydrolase ultimately to form reactive epoxides, in particular 
rrun^-7,8-diol-9,10-epoxide which can produce bulky D N A  adducts and D N A  
strand breaks (SB) (see Bigger et al., 1994; Maccubbin, 1994). A  second mechanism 
involves a 1-electron oxidation step which can be catalysed by hydroperoxides and 
cytochrome P-450(s) to form cation radicals, which themselves may bind to D N A  
and other macromolecules (Livingstone et al., 1990; Cavalieri et al., 1993a,b; Venier 
and Canova, 1996). Quinones and semiquinone radicals may also be formed by this 
oxidation giving rise to further potential D N A  adducts and the ultimate production 
o f  ROS via redox cycling (see Venier and Canova, 1996).
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Although the rate o f  BaP metabolism in bivalves such as M ytilus edulis is 
relatively low compared to vertebrates, studies on digestive gland microsomes have 
indicated these two possible routes o f cytochrome P-450-catalysed NAD(P)H-de- 
pendent BaP metabolism leading to the formation o f  phenols and diols (observed to
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Fig. 1. The pathways involved in the metabolism o f benzo[a]pyrene. (1) Benzo[a]pyrene (BaP), (2) BaP 
7,8-epoxide, (3) BaP 7,8-dihydrodiol, (4) BaP 7,8-dihydrodioI 9,10 epoxide (BaPDE), (5) various phenols 
(e.g. 3-hydroxy-BaP), (6) BaP cation radical, (7) 6-hydroxy-BaP, (8) various quinones (e.g. BaP 
1,6-quinone), (9) BaP semiquinone (10) BaP hydroquinonc. DT-D, DT-diaphorase; P-450, cytochrome 
P-450; HRP, horseradish peroxidase; PHS, prostaglandin H synthase.
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Fig. 2. Major pathways involved in the metabolism of 1-nitropyrene. (1) 1-Nitropyrene, (2) l-nitrosopy- 
rene, (3) A'’-hydroxy-1-aminopyrene, (4) I-aminopyrene, (5) A'’-acetyl-1-aminopyrene (6) nitrenium ion, 
(7) 0-esterification products (e.g. .N-acetoxy-1 -aminopyrcne, (8) nitro anion radical, (9) various phenols 
(e.g. 6-hydroxy-1-nitropyrene), (10) various oxides (e.g. l-nmopyrene-4,5-oxide), (11) various dihydrodi- 
ols (e.g. 1-nitropyrene- 4,5-dihydrodiol).
lo s
be inhibited by the cytochrome P-450 inhibitor a-naphthoflavone) and quinones 
(inhibited by the cytochrome P-450 inhibitor clotrimazole) (Livingstone et al., 1997) 
(see Fig. 1). It is this latter pathway which is predominant for BaP in the mussel 
(Lemaire et al., 1993; Garcia Martinez and Livingstone, 1995; Michel et al., 1995). 
BaP has been demonstrated to cause genotoxicity in cells o f  M ytilus sp., such as the 
production o f D N A  adducts (Venier and Canova, 1996) and D N A  SB (Bihari et al., 
1990; Mitchelmore et al., 1997). It might be speculated that the major route o f  
metabolism (1-electron oxidation) in the mussel is a determinant o f  such D N A  
damage.
The metabolism o f  1-NP in mammals in vitro and in vivo is complex and 
species-specific (Kataoka et al., 1991) with products resulting from reduction, 
C-oxidation (and a combination o f  the two) and estérification pathways involved in 
the formation o f reactive metabolites (see Fig. 2) (Fu, 1990; Mason, 1990). The 
major pathway in mammalian systems in vivo has been suggested to be via
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N A D (P)H  cytochrome P-450 catalysed, 2-electron C-oxidation pathways (com­
pared to bacterial reduction) producing various carbon oxidation products together 
with nitroreduced derivatives and conjugates o f  these oxidative products (Roy et 
al., 1989; Thom ton-M anning et al., 1991; Beland et al., 1992; Silvers et al., 1994).
Multiple D N A  adducts produced as a result o f  oxidative metabolism (mainly oxides 
with or without additional nitroreduction) have been demonstrated in various 
vertebrate studies (Roy et al., 1989, 1991; Smith et al., 1990; Beland et al., 1992; 
Thom ton-M anning et al., 1991; El-Bayoumy et al., 1994; Silvers et al., 1994). 1-NP 
nitroreduction results in the sequential formation o f  the 1-nitrosopyrene, A^-hy- 
droxy-1 -aminopyrene and 1-aminopyrene metabolites. The #-hyd roxy-1 -aminopy- 
rene metabolite has been shown to react with guanine to form the 
iV-(deoxyguanosme-8-yI)-1-aminopyrene (A’-dG -lA P) adduct (Roy et al., 1989) 
probably due to formation o f  the electrophilic nitrenium ion (Rosser et al., 1996).
This reaction may be further enhanced following (9-estérification o f  the nitrogen 
functional group (Rosser et al., 1996). However, this pathway is inhibited by 
oxygen and hence there is potential for 1-electron nitroreduction resulting in the 
formation o f  an anion radical and reactive oxygen species (ROS) (Mason, 1990; 
Hetherington et al., 1996). Marsh et al. (1992) demonstrated the activation o f  1-NP 
to mutagens by M ytilus edulis digestive gland S9, however, the basis o f 1-NP 
induced genotoxicity in invertebrates has yet to be addressed.
Finally, nitrofurantoin (W-[5-nitro-2-furfurylidene]-1 -aminohydantoin), a model 
redox cycling compound (see Fig. 3) has been demonstrated in various fish and 
invertebrate in vitro systems to produce ROS (Lemaire and Livingstone, 1994;
Garcia Martinez et al., 1995; Hetherington et al., 1996). The latter studies using
O j N ^ O  C = N - N
X T
CAT
GPXSOD
NAD(P)H
REDOX
CYCLING
NAD(P)+
•OH + OH*
NITRO ANION 
RADICAL
Fig. 3. Direct redox cycling mechanism of nitrofurantoin. SOD, superoxide dismutase (EC 1.15.1.1); 
CAT, catalase (EC 1.1.1.6); GPX, glutathione peroxidase (EC 1.11.1.9).
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digestive gland microsomes o f  M . edulis demonstrated the NF-stimulated formation 
o f  the superoxide anion radical (O i" ) and hydrogen peroxide (H2O2). These ROS 
have the potential to produce the highly reactive hydroxyl radical ( OH) via a 
transition-metal catalysed Haber-Weiss reaction (Garcia Martinez et al., 1995). The 
formation o f D N A  adducts and the oxidised D N A  base marker 8-hydrox- 
ydeoxyguanosine (80H dG ) was not observed (Marsh et al., 1993) with this 
compound in M . edulis (in vivo exposures) and also in three species o f fish 
(Mitchelmore et al., 1996) which is contrary to the observed N F  induction of  
80H dG  in Parophrys vetulus (Nishimoto et al., 1991). However, a concentration 
dependent increase in the production o f  SB was observed using the comet assay 
(Mitchelmore and Chipman, 1997; Mitchelmore et al., 1997). Again, the basis for 
this genotoxicity in mussel cells is not clear.
The present study involves the use o f  a single cell suspension from digestive gland 
o f  M . edulis L. (Birmelin et al., 1996) exposed to these model polycyclic- and nitro­
aromatic pollutant xenobiotics coupled with various modulators to assist in the 
elucidation o f  the mechanisms o f  induced D N A  SB analysed by the comet assay.
The digestive gland was chosen for study because it is the major tissue localisation 
o f  organic xenobiotic metabolism and biotransformation enzymes (Livingstone,
1991). The modulators used comprised o f inhibitors o f cytochrome P-450 (clotrima­
zole (CT), a-naphthoflavone (ANF)), antioxidant enzymes (3-aminotriazole (3AT); 
diethyldithiocarbamic acid (DDC)), D N A  repair (cytosine-)?-D-arabinofuranoside 
(ara-C)) and free radical scavengers (N-tert-butyl-a-phenylnitrone (PBN), and 
dimethylsulphoxide (DM SO)). The results are discussed in relation to different 
mechanisms o f  genotoxicity induced by benzo[a]pyrene, 1-nitropyrene and nitro­
furantoin.
2. Methods
2.1. Chemical reagents
Biochemicals were supplied by Sigma (Poole, UK ) and general chemicals were of 
AnalaR grade and from Merck (Lutterworl, UK) or Fisher (Loughborough, UK).
Fully frosted microscope slides and coverslips were supplied by Appleton Woods 
(Birmingham, UK ). Cell culture chemicals were from Gibco BRL (Paisley, UK) 
and Sigma (Poole, UK).
2.2. Preparation o f  single cell suspension
, M . edulis 3 - 5  cm in length were collected from a relatively unpolluted site, 
Whitsand Bay in Cornwall, U K , and placed in filtered (0.2 pm) seawater at 15®C 
for 1 day to clear gut contents prior to the experiments. Digestive glands were 
excised from a pool o f 12 individual animals and cells isolated by non-enzymatic 
tissue dissociation procedures and differential centrifugation. It is important to note 
that the cells analysed by the comet assay will reflect a mixture o f  cell-types, known
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to include the digestive cells (Birmelin et al., 1996). Cell preparations (~2 x  10"^  cells 
ml~^) were over 90% viable (Eosin Y  exclusion). The technique used was as 
described in Birmelin et al. (1996) except that the use o f  trypsin for cell dissaggre- 
gation was omitted due to the increase in tail % D N A  observed with this enzyme 
(see Birmelin et al., 1997).
2.3. Cell treatment
All incubations were in triplicate in eppendorfs in 1ml final volume (physiological 
saline (PS) buffer (1100 mOsm, 20 mM H EPES-N aO H ; pH 7.3 containing 436 
mM NaCl, 10 mM  KCl, 53 mM  MgSO^ and 10 mM C a C y  for 1 h in the dark to 
prevent UV-induced damage and photooxidation (Mauthe et al., 1995) and possible 
degradation o f  PBN (Chamulitrat et al., 1993) at 15“C. Freshly prepared cells 
(~2 X 10  ^ cells m l"*) were exposed in vitro to 50 pM (final concentration) o f  the 
model pollutant contaminants BaP, 1-NP, N F. These were added to the cell 
suspensions in 5 pi o f  dimethylformamide (DM F) or in dimethylsulphoxide 
(DM SO) as indicated. All other additions o f  modulators were in 5 pi D M F  
(clotrimazole, CT; a-naphthoflavone, ANF; W-tert-butyl-a-phenyInitrone, PBN); 
or up to 28 ml PS (Diethyldithiocarbamic acid, DDC; 3-ammotriazole, 3AT; 
cytosine-)?-D-arabinofiiranoside, ara-C). For dicoumarol (DC) the vehicle used was 
0.15% NaOH with 10 pi added to cell suspensions. Control incubations consisted of 
the appropriate amounts o f  the vehicle solvents used (hence no more than 10 pi 
D M F  in any incubation). Following incubation, 10 pi o f cell suspension was used 
in the comet protocol outlined below, with the rest used for the determination of  
cytotoxicity using eosin Y  exclusion (Birmelin et al., 1996).
2.4. Alkaline single cell gel electrophoresis (comet) assay
The procedure used follows the method described by Singh et al. (1988) with 
minor modifications. Fully frosted microscope slides were coated with 200 pi o f 
0.5% normal melting point agarose (NM A) in calcium- and magnesium- free 
phosphate buffered saline (PBS) and covered with a coverslip. Slides were stored at .
4®C in a dark, humid box until use (within 24 h).
After incubation, 10 pi o f  cell suspension was added to 80 pi o f  0.5% low melting 
point agarose (LMPA; at 35®C) in physiological saline and layered over the NM A  
layer. After agarose polymerisation (5 min on metal tray over ice), a final layer of 
80 pi o f  LMPA in PBS was added. Following agarose solidification, the coverslips 
were removed and slides lowered into cold (4®C) freshly made lysing solution (10%
DM SO, 1% Triton X-100, 2.5 M NaCl, 100 mM EDTA, lOmM Tris, 1% sodium 
sarcosinate; pH 10) for at least 1 h at 4®C. Slides were rinsed in distilled water and 
placed on a horizontal gel electrophoresis tray (Pharmacia, G N A  200) and covered 
with freshly made electrophoresis buffer (0.075 M NaOH, 1 mM EDTA; pH >  12) 
for 20 min to allow the D N A  to unwind. Electrophoresis was carried out at 25 V,
300 mA for 10 min. Slides were removed and placed on a staining tray and covered 
with neutralising solution (0.4 M Tris, pH 7.5) for 5 min and repeated three times.
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Slides were drained and 50 pi o f  filtered (0.2 pm) ethidium bromide (20 pg/ml) was 
added and a coverslip overlaid. Slides were placed in a humid dark box at 4®C until 
analysis (within 48 h).
The presence o f  comets was examined in cells from the digestive gland mixed cell 
suspension using a Zeiss axiovert inverted fluorescent microscope ( x  200 magnifica­
tion). Cells were analysed and scored using an image analysis package (Kinetic 
Imaging, Liverpool, UK ). All slides were coded and the whole slide randomly 
scanned, with 50 cells per slide quantified. Results are expressed as means ±  stan­
dard error o f  the mean (S.E.M .) (« =  3 experiment^  in terms o f the percentage of  
D N A  migrated into the comet tail region (tail % D N A ) (Anderson et al., 1994). 
Information on tail length and tail moment was also obtained for comparison.
2.5. Statistical analysis
Statistical analysis was performed on log transformed data to reduce the hetero­
geneity o f  variances (plots o f  log mean vs. log variance produce a slope o f  I). All 
modulator results for each compound were pooled (this corrected for the problem  
o f  repeated measures designs) and the effect o f  various compound additions on 
control and compound controls was determined by 2-tailed student r-tests corrected 
using the Bonferroni procedure on all data. Significant differences were observed 
using alpha levels o f 0.05 or below. To assess the variability o f  response in control 
and BaP-treated cell incubations (between slides (incubations) and experiments) the 
coefficient o f variation (CV =  100 x (standard deviation/mean)) was used (results 
are expressed as mean ±  S.E.M.).
3. Results
All three compounds (50 pM) produced statistically significant (P  <  0.05) in­
creases in the mean percentage o f  D N A  in the comet tails (°/^ail D N A ) (Figs. 4 -9 , A
Table 1). These results were paralleled by the other comet measurements, tail length 
and tail moment (data not shown). Between separate experiments, the responses in 
controls and BaP treatments had a coefficient o f  variation o f  25 and 29% respec­
tively (comparing n =  l5  and l^experim ents respectively). However, within i^ iv id -  .
ual experiments (n =  3%^r"eî^enm&t) (mean value derived from ^expw im ents^^ c x d c )  O '
i\ tii.142 for controls and BaP treatments respectively) the coefficient o f  variation was 
only 12.2 ±  2.3 and 8.1 ±  1.3% respectively, enabling the study o f effect o f  modulat­
ing agents.
The involvement o f reactive radical species in the formation o f  BaP-induced SB 
was demonstrated by the statistically significant (P  <  0.001) inhibition (75% o f  %tail X
D N A ) o f  SB (Fig. 4) with the addition o f  the free radical spin trap PBN (50 mf^).
To further elucidate the reactive radical species involved (BaP radical cation, BaP 
semiquinone or ROS) further modulators were used. The involvement o f DT-di­
aphorase (or quinone oxidoreductase (EC 1.6.99.2); involved in the 2-electron 
reduction o f  quinones to hydroquinones) was investigated using an inhibitor
3 :/usr2/ESIL/aqt/week.46/Paqt921.009 Tue Nov 25 17:56:36 1997 Page 1
C.L. Mitchelmore et al. /  Aquatic Toxicology 000 (1997) 000-000 9
50
45" 
4 0 "  
35 "  
g  3 0 "
2 0 "
1 5 "
1 0 "
CONTROL PBNSOmM BaPSOyM BaP + PBN
Fig. 4. Results of the single cell gel electrophoresis (comet) assay expressed in terms of the percentage 
of DNA in the comet tail in Mytilus edulis digestive gland cell suspensions exposed to; BaP (50 pM); 
PBN (50 mM); BaP (50 pM) +  PBN (50 mM). Results are expressed as means ±  S.E.M. (n = 3 
incubations). Significant differences from the controls and BaP using the Bonferroni procedure (2-tailed) 
are given as; • P  <  0.05, ** P < 0.01 and *** P < 0.001 and as;  ^P <  0.05, P <  0.01 and P <  0.001 
respectively. Percentage inhibition of BaP-induced damage is calculated from values minus control.
(dicoumarol) indicated to be effective for the M . edulis enzyme (Livingstone et al.,
1989). Addition o f  25 |iM  dicoumarol elevated the BaP-induced formation o f SB by 
81% (% tail D N A , P  <  0.01) (Fig. 5), thus suggesting the formation o f  quinones to 
be an important metabolic route in the observed BaP-induced SB formation. The 
involvement o f  HjOj in BaP-induced SB was investigated using the catalase (EC 
1.11.1.6) inhibitor 3-AT (known to be effective in M . edulis digestive gland cells (C. 
Porte, personal communiction)). Addition o f 3-AT had no effect (P  >  0.05) on the 
BaP-induced increase in SB (Fig. 6). T o  investigate the metabolic pathways 
involved in the formation o f reactive intermediates, two cytochrome P-450 in­
hibitors were used which had been characterised in studies in the digestive gland 
microsomal metabolism o f  BaP in M . edulis (see Section I, Introduction). Addition 
o f clotrimazole markedly (significant at P <  0.001) inhibited SB induced by BaP 
(BaP-caused % tail D N A  formation inhibited by 94% at 50 pM clotrimazole) (Fig. 
7). However, addition o f  a-naphthoflavone had no such effect, and in fact there was 
a slight (not significant (P  >  0.05)) elevation in the observed formation o f SB 
(BaP-caused %tail D N A  formation elevated by 8%) (Fig. 7). Addition o f  the D N A  
repair inhibitor (ara-C, 1 mM) had no significant effect and addition o f BaP in 
DM SO (rather than D M F) caused a slight but non-significant inhibition (P >  0.05) 
o f the BaP-induced damage (15% inhibition o f %tail D N A ) (Table 1).
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The involvement o f  cytochrome P-450 mediated production o f  reactive radical 
species was demonstrated for 1-NP using similar modulators, although different 
results were obtained with respect to the P-450 inhibitors. 1-NP induced SB was not 
affected by the addition o f the cytochrome P-450 inhibitor clotrimazole (P >  0.05) 
(Fig. 8). However statistically significant (P  at least <  0.01) marked inhibitions 
were observed with a-naphthoflavone (61% o f  1-NP-induced %tail D N A  values) 
and the free radical spin trap PB N  (84% o f  % tail D N A  values) indicating the 
involvement o f  cytochrome P-450 mediated reactive radical production. Addition of 
ara-C caused a statistically significant elevation (P  <  0.05) o f  1-NP induced damage 
(51% elevation o f  %W1 D N A ), with DM SO  having a slight (but non-significant; 
P  >  0.05) inhibitory effect (10% inhibition o f  ^ a i l  D N A ) (Table 1).
The direct redox cycling o f N F  with the resultant production o f  reactive radical 
intermediates was indicated by the lack o f  effect (P  >  0.05) with additions o f the 
cytochrome P-450 inhibitors clotrimazole or a-naphthoflavone (Fig. 9). The in­
volvement o f  a free radical species was indicated by the marked inhibition (signifi­
cant at P  <  0.001) o f  NF-induced SB by the addition o f  PBN  (88% inhibition o f  
%t^il D N A ) (Fig. 9). Addition o f  ara-C and DM SO did not produce a significant 
(P  >  0.05) change in %tail D N A  (Table 1).
We were not able to t^st the involvement o f  superoxide in the causation o f  SB by 
employing the superoxide dismutase (SOD; EC 1.15.1.1) inhibitor diethyldithiocar-
s eA
y  I'-x s e /A -  ^ p c 4 C _ C
81% E
CONTROL DC25yM BaPSOyM BaP + DC
Fig. 5. Results of the single cell gel electrophoresis (comet) assay expressed in terms of the percentage 
of DNA in the comet tail in Mytilus edulis digestive gland cell suspensions exposed to; BaP (50 yM); DC 
(25 yM); BaP (50 yM) -f- DC (25 yM). Results are expressed as means ±  S.E.M. (n =  3 incubations). 
Significant differences from the controls and BaP using the Bonferroni procedure (2-tailed) are given as;
<0.05, **P<O.OI and ***P <0.001 and as; fp < 0 .0 5 , <0.01 and <0.001 respectively.
Percentage elevation of BaP-induced damage is calculated from values minus control.
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Fig. 6. Results of the single cell gel electrophoresis (comet) assay expressed in terms of the percentage 
of DNA in the comet tail in Mytilus edulis digestive gland cell suspensions exposed to; BaP (50 yM); 
3AT (10 and 1 mM); BaP (50 yM) +3A T  (10 and 1 mM). Results are expressed as means ±  S.E.M. 
(n =  3 incubations). Significant differences from the controls and BaP using the Bonferroni procedure 
(2-tailed) are given as; * f  <  0.05, ** f  <0.01 and ***P <  0.001 and as;  ^P < 0.05, P<0.01 and
P <  0.001 respectively.
bamic acid (D D C , known to be a highly effective inhibitor in M . edulis digestive 
gland cells (C. Porte personal communication)) since this com pound significantly 
( P <  0.001) increased SB in the control cells alone (Fig. 10). The balance between 
the pro-oxidant and anti-oxidant effects o f  D D C  is complex (M ankhetkom et al., 
1994; Abdalla and Will, 1995; Liu et al., 1996) and renders it unsuitable as a specific 
inhibitor o f  SOD and as a tool to study ROS involvement. Addition o f  PBN had 
a slight inhibitory effect (26 and 21% inhibition o f  % tail D N A  at 5 and 0.5 mM 
D D C  respectively) on this D D C  induced SB in the control cells (P  at least <  0.05).
With all o f  the above experiments there was no significant decrease in cell 
viability as assessed by Eosin Y  exclusion (data not shown).
4. Discussion
Control cells o f M . edulis digestive gland demonstrated higher levels o f  SB 
compared to many vertebrate cell types (Anderson et al., 1994), including brown 
trout {Salmo trutta) hepatocytes and blood cells (Mitchelmore and Chipman, 1997). 
This is in accord with other reports using a variety o f techniques in invertebrates 
(Bihari et al., 1990; Herbert and Zahn, 1990; Mitchelmore et al., 1997). Other 
studies have demonstrated increased levels o f  alkali-labile sites in certain cell types
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with highly condensed chromatin (Singh et al., 1989) and suggest that this high 
control SB is a feature o f  D N A  packaging.
The three agents under study (BaP, 1-NP and N F) have all been previously found 
to give a statistically significant (P  at least < 0 .0 5 ) concentration-dependent in­
crease in D N A  SB in cultured cells from the mussel {Mytilus edulis L.) digestive 
gland (Mitchelmore et al., 1997). The percentage o f  D N A  in the tail region (tail % 
D N A ) was used as the criterion for quantifying D N A  strand breakage (Anderson 
et al., 1994) in this study. Tail length and especially tail moment (a product o f tail 
D N A  and length) are alternative parameters which gave identical trends in this 
study (see Mitchelmore and Chipman, 1997).
The aim o f  this study was to determine the basis o f  the D N A  SB produced by 
these chemicals with the use o f  modulating agents. However, it must be appreciated 
that SB may not reflect the entire D N A  damage produced by the agents studied 
herein. Certain additional D N A  modifications may occur, not reflected by SB and 
hence may evade detection in this system. It should also be recognised that a mixed 
cell population (Birmelin et al., 1996) has been analysed and this is the likely basis 
of a large mean coefficient o f  variation (71.5 +  2.1%) between individual cells 
analysed in any one incubation.
CONTROL ANFSOyM GTSOyM BaPSOyM BaP + ANF BaP + CT
Fig. 7. Results of the single cell gel electrophoresis (comet) assay expressed in terms of the percentage 
of DNA in the comet tail in Mytilus edulis digestive gland cell suspensions exposed to; ANF (50 yM); 
CT (50 yM); BaP (50 yM); BaP (50 yM) +  ANF (50 yM); BaP (50 yM) +  CT (50 yM). Results are 
expressed as means ±  S.E.M. (« =  3 incubations). Significant differences from the controls and BaP 
using the Bonferroni procedure (2-tailed) are given as; * f  <  0.05, P < 0.01 and P <  0.001 and as; 
 ^P <  0.05, P < 0.01 and ^ ^ P <  0.001 respectively. Percentage inhibition of BaP-induced damage is 
calculated from values minus control.
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Fig. 8. Results of the single cell gel electrophoresis (comet) assay expressed in terms of the percentage 
of DNA in the comet tail in Mytilus edulis digestive gland cell suspensions exposed to; CT (50 yM); 
ANF (50 yM); PBN (50 mM); 1-NP (50 yM); 1-NP (50 yM) + CT (50 yM); 1-NP (50 yM) +  ANF 
(50 yM); 1-NP (50 yM) + PBN (50mM). Results are expressed as means ±  S.E.M. (n = 3 incubations). 
Significant differences from the controls and 1-NP using the Bonferroni procedure (2-tailed) are given as; 
* P <  0.05, ** P < 0.01 and P < 0.001 and as;  ^P <  0.05, P <  0.01 and P < 0.001 respectively.
Percentage inhibition of BaP-induced damage is calculated from values minus control.
Previous studies have indicated the ability o f  BaP to produce D N A  SB in M ytilus 
sp. in vivo (Bihari et al., 1990) using alkaline elution techniques. Similarly, Nacci et 
al. (1996) also demonstrated BaP induced SB in vivo in the oyster (Crassostrea 
americanus) as measured using the comet assay. The extensive inhibition (75% as 
assessed by %tail D N A  at 50 mM) o f  the D N A  SB by PBN (and to a small extent 
with the anti^xidant DM SO) suggests a role o f radical species. The lipophilic 
nitrone spin trap PBN has a high avidity for trapping free radicals (Andersen et al., 
1996) being able to trap various carbon centred free radicals and also ROS (Yim et 
al., 1993; Hiramoto et al., 1994). Potential free radical intermediates for BaP 
include the BaP radical cation and also the semiquinone and ROS formed following 
redox cycling o f  BaP quinone metabolites (Livingstone et al., 1990; Venier and 
Canova, 1996). Indeed Michel et al. (1992) demonstrated the inhibition o f quinone 
formation (80%) with the addition o f  free radical scavengers (e.g. vitamin E). It is 
well documented that the BaP radical cation (Cavalieri et al., 1993b; Venier and 
Canova, 1996) will form unstable depurination adducts, hence it is possible that this 
contributes to the observed D N A  damage.
To further elucidate the radical species involved, various antioxidant enzyme 
inhibitors were used. Addition o f  dicoumarol (25 pM) resulted in a statistically 
significant increase o f  the observed damage suggestive o f a protective role for
Ci2
3 :/usr2/ESIL/aqt/week. 46/Paqt921.014 Tue Nov 25 17:58:14 1997 Page 1
14 C.L. Mitchelmore et al./Aquatic Toxicology 000 (1997) 000-000
DT-diaphorase under these conditions and implicating redox cycling o f quinones as 
an important pathway in the formation o f  SB. However, a number o f  studies have 
demonstrated a conflict between the protective (antioxidant) and pro-oxidant role 
o f  DT-diaphorase (Cadenas, 1995; Hasspieler et al., 1996; Lemaire et al., 1996) and 
it should be noted that dicoumoral also inhibits other enzymes, such as, glucuronyl 
and glutathione transferases and glutathione peroxidase (Cadenas, 1995). The 
intermediacy o f the Fenton reaction could not be demonstrated with the use of
3-AT (a catalase inhibitor known to be effective in such cultures (C. Porte personal 
communication)) (Fig. 6). This lack o f  3-AT effect does not, however, negate a 
potential involvement o f  H^Oz since catalase may not have access to the site o f  
H2O2 production and subsequent OH formation.
The inclusion o f  ara-C (inhibitor o f  D N A  polymerase a and y? polymerases and 
D N A  ligase (Mirzayans et al., 1992); effective at enhancing BaP induced D N A  
damage in CHO-Kl cells presumably through its ability to inhibit D N A  repair 
following nucleotide excision (Park et al., 1991)) did not elevate D N A  SB produced 
by BaP in the mussel cells. Assuming that ara-C can inhibit the y?-form which is 
predominant in mussel digestive gland (Accomando et al., 1989) this does not give 
any evidence for the production o f  SB by the process o f  excision repair (e.g. bulky 
D N A  adducts, such as BaPDE). SB is more likely to be related to direct strand
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CONTROL CT50yM ANPSOyM PBN50mM NF50yM NF + CT NF + ANP NF + PBN
Fig. 9. Results of the single cell gel electrophoresis (comet) assay expressed in terms of the percentage 
of DNA in the comet tail in Mytilus edulis digestive gland cell suspensions exposed to; CT (50 yM); 
ANF (50 yM); PBN (50 mM); NF (50 yM); NF (50 yM) +  CT (50 yM); NF (50 yM) +  ANF (50 
yM); NF (50 yM) +  PBN (50 yM). Results are expressed as means ±  S.E.M. (n =  3 incubations). 
Significant differences from the controls and 1-NP using the Bonferroni procedure (2-tailed) are given as; 
* P < 0.05, ** P <  0.01 and *** P < 0.001 and as;  ^P  <  0.05, P < 0.01 and P <  0.001 respectively. 
Percentage inhibition of BaP-induced damage is calculated from values minus control.
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Table 1
Effects o f  ara-C and DMSO on BaP-, 1-NP-, and NF-induced strand breakage in Mytilus edulis 
digestive gland suspensions as measured by the comet assay
Incubations Tail DNA (%)
BaP 1-NP NF
Compound (SOpM) 
Compound in DMSO 
Compound+ ara-C
46.63 ±0.99**: *■ 
41.21 ±  1.94 
39.96 ±0.87*
13.01 ±0.38*X^
10.57 ±  l.OI .
18.02 ± O .5 0 J O ( (51% £*’)
23.41 ±0.69**X  
20.46 ±  0.84 
27.23 ±  1.20
* Using BaP (in DMSO). ^  t  t
elevation effect of modulator on I-NP-induced SB calculated by first subtracting control values. 
Results are expressed in terms o f the percentage DNA in the comet tail (means +S.E.M. (n = 3 
incubations)). The control values for DMF vehicle was 8.83 ±  0.94, for control DMSO vehicle was 
10.28 ±0.81 and for ara-C (1 mM) was 8.71 ±0.97. Significant differences from the controls and from 
the compound alone using the Bonferroni procedure (2-tailed) are given as:
* P<OMr o  . 0 5
**P<0.05; < 0 - 0 »  C O T M f X X r L S o r ,
O  C 3 C »  1 O i . ^ c A  i "  1  (  P  < :  O  .  O  I  )  r C O < o - . f O o o d
" P respectively.  ^ <Tor->-«pc»r » so i )
breakage or alkali-labile sites (including ROS mediated damage and/or unstable 
depurination adducts produced via radical cation and semiquinone radicals).
The enzyme system(s) involved in the metabolic activation o f  BaP was also 
studied. Livingstone et al. (1997) had previously shown that the major pathway of 
BaP metabolism in mussel digestive gland microsomes was to quinones, possibly via 
1-electron oxidation, which was inhibited (81% inhibition) by the cytochrome P-450 
inhibitor clotrimazole (0.5 mM) but not by a-naphthoflavone (0.5 mM)(a CYPIA  
inhibitor in mammals). We found that clotrimazole was also a potent inhibitor of 
D N A  SB produced by BaP. This finding supports the proposal (above) that 
quinones may mediate D N A  SB, indeed Livingstone et al. (1990) demonstrated the 
inhibition o f  BaP derived protein adducts with addition o f  clotrimazole, a-naph­
thoflavone actually gave an enhancement o f  SB which might be due to inhibition of 
alternate pathways. This is similar to the observed increase in quinone metabolites 
(8% elevation) at the expense o f  phenols and diols (62% inhibition) with addition of 
a-naphthoflavone (0.5 mM) to BaP exposed M ytilus edulis microsomes (Living­
stone et al., 1997).
1-NP metabolism occurs via various pathways (see Introduction and Fig. 2) with 
studies indicating that various forms o f  (species-specific; Kataoka et al., 1991) 
P-450 to be involved in this metabolism. Important metabolic activation routes 
have been reported as the ultimate formation o f  an electrophilic nitrenium ion via 
7V-hydroxy-l-aminopyrene (Rosser et al., 1996) (with or without additional C-oxi- 
dation) and also a redox cycling mechanism via a I-electron reduction producing 
the corresponding nitro anion radical and resultant ROS formation (Mason, 1990). 
The latter is suggested to be the favoured pathway for M ytilus edulis in aerobic 
conditions (Hetherington et al., 1996) producing a reactive anion radical and ROS
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both capable o f reacting with D N A . 1-NP-induced D N A  SB was significantly 
inhibited by the addition o f  the cytochrome P-4501A inhibitor a-naphthoflavone 
and by the free radical scavenger PBN. There was only a small, non-significant 
inhibitory effect with clotrimazole and DM SO. These results suggest the production 
o f  a free radical species and the involvement o f  a cytochrome P-450 similar to^^*~^ 
CYPIA family. In mammalian systems cytochrome P-450 oxidative metabolism has 
been demonstrated to produce a range o f  phenols, oxides and dihydrodiols from 
1-NP (see Section 1, Introduction). Addition o f  a-naphthoflavone was shown to 
decrease the formation o f  six and eight phenols (see Howard et al., 1988) which 
have been demonstrated in some studies to be mutagenic species (Thomton-Man- 
ning et al., 1991; Beland et al., 1992) and to form D N A  adducts following further 
nitroreduction (El-Bayoumy et al., 1994)). These oxidative metabolites produce 
more reactive species following further nitroreduction (also possibly O-estérifica­
tion) (Silvers et al., 1994; Rosser et al., 1996)). CYP1A2 is also involved in the 
^-oxidation o f  reduced (NHz) groups producing an aromatic hydroxylamine which 
has the potential to form electrophilic nitrenium ions (Rosser et al., 1996). 
However, this pathway, would not involve a radical species. The in vitro • 
metabolism o f  1-NP in mussel digestive gland cells was found to be predominantly 
via a 1-electron reduction pathway (Hetherington et al., 1996) which is consistent 
with results herein. The apparent cytochrome P-450 involvement is difficult to
21% I
Z 3 0
CONTROL DOG 0 JmM DDC SmM PBN SOmM DOG DOG
0.5mM+P8N 5mM+PBN
Fig. 10. Results of the single cell gel electrophoresis (comet) assay expressed in terms of the percentage 
of DNA in the comet tail in Mytilus edulis digestive gland cell suspensions exposed to; DDC (5 and 0.5 
mM); PBN (50 mM); DDC (5 and 0.5 mM) +  PBN (50 mM). Results are expressed as means ±  S.E.M. 
(n =  3 incubations). Significant differences from the controls and BaP using the Bonferroni procedure 
(2-tailed) are given as; * P <  0.05, **P <0.01 and 0.001 and as;  ^P  <  0.05, P <  0.01 and
i t t p <  0.001 respectively. Percentage inhibition of BaP-induced damage is calculated from values minus 
control.
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reconcile but may represent the C-oxidation o f 1-NP to a product (e.g. phenol) with 
a more efficient electron distribution to allow redox cycling following 1-electron 
reduction. Indeed it has been suggested that phenols produced at the C4, C6 and 
C8 positions are capable o f  resonance-stabilising the positive charge o f  the nitre­
nium ion and thus enhancing its electrophilic reactivity (Rosser et al., 1996). As 
with BaP, it is not possible to conclude whether radical-induced damage is by direct 
D N A  binding or by reactive oxygen formation. The significant elevation by ara-C 
o f SB produced by 1-NP might be indicative o f a component o f  SB mediated by the 
excision repair o f  D N A  adducts.
Addition o f the cytochrome P-450 inhibitors did not have a significant effect on 
the relatively high levels o f  NF-induced D N A  SB. These results are in accord with 
this compound being a direct redox cycler following 1-electron reduction (Mason,
1990). The involvement o f  free radicals was demonstrated by the observed inhibi­
tion o f  N F  induced damage with addition o f  PBN and the slight inhibitory effect 
o f  DM SO. These results are in accord with the known production o f  the highly 
reactive OH radical produced in M . edulis digestive gland microsomes following 
N F incubation (Garcia Martinez et al., 1995). As with BaP there was no significant 
elevation o f  NF-induced SB following addition of. ara-C, indicative o f the lack o f  
formation o f bulky excisable D N A  adducts.
In conclusion this study has demonstrated the usefulness o f  the comet assay in 
isolated cells as tools for the study o f  mechanisms involved in xenobiotic induced 
D N A  damage. This system has the advantage that the genetic endpoint is non-spe­
cific and detects a wide range o f  D N A  lesions including unstable D N A  adducts and 
other alkali labile sites as well as more stable adducts during excision repair. The 
results complement those o f  metabolism studies in digestive gland cells and micro­
somes and emphasise the role o f  radical species in the D N A  damaging effects o f  
polycyclic and nitroaromatic hydrocarbons in M ytilus edulis.
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